







TURUN YLIOPISTON JULKAISUJA –  ANNALES UNIVERSITATIS TURKUENSIS
Sarja - ser. AI osa - tom. 510 | Astronomica - Chemica - Physica - Mathematica | Turku 2015
NANOPARTICLE-ASSISTED 
IMMUNOASSAYS FOR  
POINT-OF-CARE TESTING
– With Specific Interest in Minimally  




Professor Kim Pettersson, PhD
Department of Biochemistry 





Molecular Biotechnology and Diagnostics
University of Turku
Turku, Finland
University of Turku 
Faculty of Mathematics and Natural Sciences
Department of Biochemistry
Molecular Biotechnology and Diagnostics
Doctoral Programme in Molecular Life Sciences
Reviewed by
Susann Eriksson, PhD
DHR Finland Oy Innotrac Diagnostics
Turku, Finland
Petri Saviranta, PhD
VTT Technical Research Centre of Finland
Turku, Finland 
Opponent
Senior Consultant Kjell Nustad, M.D., Ph.D.
Department of Medical Biochemistry
Oslo University Hospital,  
the Norwegian Radium Hospital
Oslo, Norway
The originality of this thesis has been checked in accordance with the University of Turku 



























































































































I	 Heidi	 Hyytiä,	 Noora	 Ristiniemi,	 Päivi	 Laitinen,	 Timo	 Lövgren	 and	 Kim	
Pettersson	 (2014).	 Extension	 of	 dynamic	 range	 of	 sensitive	 nanoparticle‐
based	immunoassays.	Anal	Biochem	446:82–86.	
II	 Heidi	Hyytiä,	Marja‐Leena	Järvenpää,	Noora	Ristiniemi,	Timo	Lövgren,	and	
Kim	 Pettersson	 (2013).	 A	 comparison	 of	 capture	 antibody	 fragments	 in	
cardiac	troponin	I	immunoassay.	Clin	Biochem	46:963–968.	
III	 Heidi	Hyytiä,	Taina	Heikkilä,	Eeva‐Christine	Brockmann,	Henna	Kekki,	Pirjo	
Hedberg,	 Tarja	 Puolakanaho,	 Timo	 Lövgren	 and	 Kim	 Pettersson	 (2015).	
Chimeric	 recombinant	 antibody	 fragments	 in	 cardiac	 troponin	 I	
immunoassay.	 Clin	 Biochem	 Published	 online	 August	 8.	 doi:	
10.1016/j.clinbiochem.2014.06.080.	
IV	 Heidi	 Hyytiä,	 Taina	 Heikkilä	 Pirjo	 Hedberg,	 Tarja	 Puolakanaho	 and	 Kim	
Pettersson	 (2015).	 Skeletal	 troponin	 I	 cross‐reactivity	 in	 different	 cardiac	
troponin	 I	 assay	 versions.	 Clin	 Biochem	 Published	 online	 January	 9.	 doi:	
10.1016/j.clinbiochem.2014.12.028.	
	



































































Cardiac	 troponins	 (cTn)	 I	 and	 T	 are	 the	 current	 golden	 standard	 biochemical	
markers	 in	 the	diagnosis	and	risk	stratification	of	patients	with	suspected	acute	
coronary	syndrome.	During	the	past	few	years,	novel	assays	capable	of	detecting	
cTn‐concentrations	 in	 >50%	 of	 apparently	 healthy	 individuals	 have	 become	
readily	 available.	 With	 the	 emerging	 of	 these	 high	 sensitivity	 cTn	 assays,	
reductions	 in	 the	 assay	 specificity	 have	 caused	 elevations	 in	 the	measured	 cTn	
levels	that	do	not	correlate	with	the	clinical	picture	of	the	patient.	The	increased	
assay	 sensitivity	 may	 reveal	 that	 various	 analytical	 interference	 mechanisms	
exist.		
This	doctoral	 thesis	 focused	on	developing	nanoparticle‐assisted	 immunometric	
assays	that	could	possibly	be	applied	to	an	automated	point‐of‐care	system.	The	
main	 objective	was	 to	 develop	minimally	 interference‐prone	 assays	 for	 cTnI	 by	
employing	 recombinant	 antibody	 fragments.	 Fast	 5‐	 and	 15‐minute	 assays	 for	
cTnI	 and	 D‐dimer,	 a	 degradation	 product	 of	 fibrin,	 based	 on	 intrinsically	
fluorescent	 nanoparticles	 were	 introduced,	 thus	 highlighting	 the	 versatility	 of	
nanoparticles	 as	 universally	 applicable	 labels.	 The	 utilization	 of	 antibody	
fragments	in	different	versions	of	the	developed	cTnI‐assay	enabled	decreases	in	
the	used	antibody	amounts	without	sacrificing	assay	sensitivity.	 In	addition,	 the	
utilization	 of	 recombinant	 antibody	 fragments	 was	 shown	 to	 significantly	
decrease	the	measured	cTnI	concentrations	in	an	apparently	healthy	population,	
as	well	as	in	samples	containing	known	amounts	of	potentially	interfering	factors:	
triglycerides,	 bilirubin,	 rheumatoid	 factors,	 or	 human	 anti‐mouse	 antibodies.	
When	 determining	 the	 specificity	 of	 four	 commercially	 available	 antibodies	 for	
cTnI,	two	out	of	the	four	cross‐reacted	with	skeletal	troponin	I,	but	caused	cross‐
reactivity	issues	in	patient	samples	only	when	paired	together.		
In	 conclusion,	 the	 results	 of	 this	 thesis	 emphasize	 the	 importance	 of	 careful	
antibody	 selection	 when	 developing	 cTnI	 assays.	 The	 results	 with	 different	
recombinant	 antibody	 fragments	 suggest	 that	 the	 utilization	 of	 antibody	





Sydänperäiset	 troponiinit	 (cTn,	 engl.	 cardiac	 troponin)	 I	 ja	 T	 ovat	 tällä	 hetkellä	
suositusten	 mukaiset	 biomerkkiaineet	 akuutin	 sepelvaltimotautikohtauksen	
diagnosoinnissa	 ja	 riskinarvioinnissa.	 Viime	 vuosina	 markkinoille	 onkin	 tullut	
erittäin	herkkiä	cTn‐määrityksiä,	joilla	on	mahdollista	mitata	verenkierrosta	cTn‐
pitoisuuksia	 jopa	 yli	 50	 prosentilla	 terveistä	 henkilöistä.	 Näiden	 herkkien	 cTnI‐
määritysten	 käyttöönotto	 on	 kuitenkin	 johtanut	 määritysten	 spesifisyyden	
laskuun,	 jolloin	 potilaan	 kliininen	 kuva	 ei	 aina	 tue	 mitattua	 biomerkkiaineen	
määritysrajan	ylittävää	pitoisuutta.	 Spesifisyyden	 lasku	 saattaa	 johtua	erilaisista	
analyyttisistä	häiriötekijöistä.		
Väitöskirjatyön	 tarkoituksena	 oli	 kehittää	 nanopartikkelileimoihin	 perustuvia	
immunometrisiä	 määrityksiä,	 joita	 voitaisiin	 käyttää	 automatisoidussa	
vieritestaussysteemissä.	 Tärkeimpänä	 tavoitteena	 oli	 kehittää	 rekombinanttisia	
vasta‐ainefragmentteja	 hyväksi	 käyttäen	 cTnI‐immunomääritys,	 joka	 ei	 olisi	
herkkä	 erilaisille	 analyyttisille	 häiriöille.	 Fluoresoivien	 nanopartikkelien	 yleis‐
käyttöisyys	 leimateknologiana	 todistettiin	 kehittämällä	 cTnI:lle	 ja	 fibriinin	
hajoamistuotteelle	D‐dimeerille	nopeita	määrityksiä,	joiden	valmistumisaika	on	5	
tai	 15	 minuuttia.	 Vasta‐ainefragmenttien	 käytön	 avulla	 voitiin	 vähentää	
käytettyjen	 vasta‐aineiden	 määriä	 cTnI‐määrityksessä	 sen	 herkkyyttä	 alenta‐
matta.	 Lisäksi	 rekombinanttisten	 vasta‐ainefragmenttien	 käyttö	 alensi	merkittä‐
västi	mitattuja	 cTnI‐arvoja	 terveiltä	 ihmisiltä	peräisin	olevissa	näytteissä,	mutta	
myös	 näytteissä,	 joissa	 oli	 tunnettu	 määrä	 mahdollisia	 häiriötekijöitä:	
triglyseridejä,	 bilirubiinia,	 reumatekijöitä	 tai	 ihmisen	 anti‐hiiri	 vasta‐aineita.	
Kaupallisten	 cTnI	 vasta‐aineiden	 spesifisyyttä	 tutkittaessa	 havaittiin,	 että	 kaksi	
neljästä	 tutkitusta	 vasta‐aineesta	 sitoutui	 cTnI:n	 lisäksi	 myös	 luusto‐
lihasperäiseen	 troponiini	 I:hin,	 mutta	 ristireaktio	 aiheutti	 virheellisiä	 tuloksia	
vain	 silloin,	 kun	 näitä	 kahta	 vasta‐ainetta	 käytettiin	 parina	 samassa	
määrityksessä.	
Väitöskirjatyön	 perusteella	 huolellinen	 vasta‐aineiden	 valinta	 on	 äärimmäisen	
tärkeää	 cTnI‐määritysten	 kehityksessä,	 jotta	 voidaan	 taata	 määritysten	 cTnI‐
spesifisyys.	Lisäksi	tulokset	rekombinanttivasta‐ainefragmenteilla	osoittavat,	että	
niiden	käyttöä	tulisi	vahvasti	lisätä	erilaisissa	kaupallisissa	immunomäärityksissä	







radioimmunoassay	 for	 insulin	 was	 first	 introduced	 (Yalow	 and	 Berson,	 1959).	
Since	 then,	 many	 advances	 and	 changes	 have	 been	 introduced,	 the	 most	
influential	being	the	development	of	hybridoma	technology	in	the	1970s	(Köhler	
and	 Milstein,	 1975).	 Hybridoma	 technology	 provides	 a	 continual	 source	 of	
monoclonal	antibodies	(Mabs)	that	have	specificity	to	a	certain	epitope.	This	has	
ensured	 their	 predominant	 position	 as	 immunoassay	 reagents,	 as	 well	 as	 their	
utilization	as	a	growing	 technology	 in	cancer	 therapies	 (Ribatti,	2014).	Not	 long	
after	the	introduction	of	hybridoma	technology,	in	the	early	1980s,	the	utilization	
of	 recombinant	 DNA	 techniques	 resulted	 in	 the	 production	 of	 recombinant	
antibodies	 nearly	 identical	 to	 the	 ones	 obtained	 from	 hybridomas	 (Boss	 et	 al.,	





sera	 of	 patients	 receiving	 insulin	 treatment.	 Since	 then,	 it	 has	 been	 noted	 that	
whenever	immunoassays	are	used	in	clinical	laboratories,	they	are	vulnerable	to	
different	analytical	and	preanalytical	interferences	leading	to	either	false	positive	
or	 negative	 results	 (Bolstad	 et	 al.,	 2013;	 Tate	 and	Ward,	 2004).	 One	 source	 of	
these	 interferences	 is	 the	 antibody	 parts	 originating	 in	 the	 host	 mammal,	 e.g.,	
mouse	 (Kricka,	 1999).	Also,	 the	 current	desire	 to	develop	 increasingly	 sensitive	
assays	 for	 certain	 analytes,	 such	 as	 cardiac	 troponins	 (cTn),	 may	 render	 the	
assays	 increasingly	 susceptible	 to	 low‐affinity	 interferences,	 causing	 decreasing	
assay	 specificities	 and	 difficulties	 in	 the	 diagnostic	 process	 (Zaidi	 and	 Cowell,	
2010;	 Robier	 et	al.,	 2014).	 Some	 of	 these	matrix‐related	 interferences	 could	 be	

















on	 cardiac	 troponin	 I	 (cTnI)	 assays,	 in	 which	 recombinant	 antibody	 fragments	
were	 used	 to	 develop	 rapid	 and	minimally	 interference‐prone	 assays.	 Also,	 the	
versatility	of	nanoparticles	as	universal	labels	for	POCT	applications	as	well	as	the	
specificity	 of	 commercial	 cTnI	 antibodies	 was	 studied.	 The	 following	 literature	
review	 will	 offer	 an	 overview	 of	 immunoassay	 interferences,	 and	 different	







Acute	 coronary	 syndrome	 (ACS)	 that	 includes	 unstable	 angina	 and	 myocardial	
infarction	 (MI)	 is	 one	 of	 the	 leading	 causes	 of	 death	worldwide.	 Approximately	
15‒20	 million	 people	 present	 to	 the	 emergency	 department	 (ED)	 yearly	 with	
symptoms	 indicative	 of	 ACS	 (Mueller,	 2014).	 The	 current	 recommendation	 for	
diagnosing	MI	 includes	 detecting	 the	 rise	 and/or	 fall	 of	 the	 cardiac	 isoforms	 of	
troponins	 I	 (cTnI)	 or	 T	 (cTnT),	 along	 with	 an	 analysis	 of	 electrocardiographic	
abnormalities	and	patient	symptoms	(Thygesen	et	al.,	2012).		
The	 troponin	 complex	 (TnI‐TnT‐TnC)	 functions	 as	 a	 regulator	 of	 muscle	
contraction	 and	 is	 found	 in	 the	 filaments	 of	 both	 cardiac	 and	 skeletal	 striated	
muscles	 (Farah	 and	 Reinach,	 1995).	 TnI	 is	 a	 21–24	 kDa	 protein	 (Perry,	 1999)	
existing	 as	 three	 genetic	 isoforms:	 cardiac‐specific	 cTnI	 and	 two	 different	
subforms	 (fast	 and	 slow‐twitch)	 of	 skeletal	 muscle	 specific	 troponin	 I	 (skTnI)	
(Hastings,	1997).		





al.,	 2010).	 This	 initial	 cTnI	 release	 is	 then	 followed	 by	 the	 breakage	 of	 the	
myofibrils	 causing	 the	 release	 of	 the	 complexed	 cTnI	 during	 the	 following	 5‒7	
days	(Wu	and	Christenson,	2013).	In	MI,	cTnI	has	mainly	been	found	as	a	part	of	
binary	 (cTnI‐TnC)	 or	 ternary	 complexes	 (cTnI‐cTnT‐cTnC)	 and	 only	 in	 small	





al.,	 1993)	 and	 Dade	 Behring	 (Adams	 et	 al.,	 1993)	 in	 1996.	 During	 the	 past	 30	
years,	cTnI	and	cTnT	have	become	the	golden	standard	biochemical	markers	for	














Throughout	 the	years,	POCT	has	been	defined	 in	various	ways.	One	of	 the	most	
recent	ones	is:	testing	conducted	outside	the	laboratory	setting,	near	the	patient,	
and	by	a	person	whose	primary	training	is	not	in	the	clinical	laboratory	sciences	
(Nichols,	 2013).	 Whatever	 the	 definition,	 none	 of	 them	 prefer	 a	 particular	
technology	or	a	method	over	another.	Thus,	the	testing	should	be	performed	near	
the	 patient,	 and	 facilitate	 a	 short	 turn‐around	 time	 (TAT),	 i.e.,	 decreased	 time	
from	 the	 sampling	 to	 obtaining	 the	 result	 (Drain	 et	al.,	 2014).	 This	 decrease	 in	
assay	TAT	is	considered	to	be	the	biggest	advantage	POCT	has	to	offer;	 the	time	
savings	 are	 obtained	 by	 using	 whole	 blood	 instead	 of	 plasma	 or	 serum	 and	
eliminating	blood	transportation	(Drenck,	2001).	Resources	being	limited,	experts	
in	the	Western	world	have	come	to	the	realization	that	healthcare	budgets	cannot	
grow	 at	 the	 rate	 they	 have	 been	 doing	 during	 the	 past	 decades.	 Thus,	
governments	 are	 actively	 seeking	 ways	 to	 lower	 healthcare	 costs	 (St	 John	 and	
Price,	 2013).	 POCT	 has	 been	 subject	 to	 animated	 discussion	 during	 the	 past	
decades,	and	the	evidence	for	its	cost	efficiency	seems	still	to	be	limited	and	under	
debate	(Fermann	and	Suyama,	2002;	St	John	and	Price,	2013).	
It	 has	 been	 shown	 that	 in	 the	 Western	 world	 a	 substantial	 proportion	 of	
healthcare	 resources	 targeted	 to	EDs	are	consumed	by	patients	presenting	with	
chest	pains	 (Goodacre	et	al.,	 2005).	 Since	 the	majority	 of	 these	patients	 are	not	
diagnosed	with	ACS	or	another	life	threatening	condition	(Lindsell	et	al.,	2006),	an	
effective	and	rapid	diagnosis	would	benefit	all	parties	involved.	POCT	is	expected	
to	 assist	 in	 meeting	 the	 ED	 guidelines	 for	 cardiac	 markers:	 TAT	 from	 blood	
collection	 to	 the	 result	 should	 be	 a	 maximum	 of	 30	 minutes,	 and	 the	
implementation	of	POCT	should	occur	if	the	results	cannot	be	obtained	in	under	
60	minutes	(Storrow	et	al.,	2007).		
A	 recent	 study	 by	 Blick	 (2014)	 reports	 an	 average	 TAT	 of	 13.1	min	 (±5.9	min)	
with	 a	 cTnI	 POCT	 assay,	when	 the	TAT	 for	 a	 central	 laboratory	 cTnI	 assay	was	




There	 are	 also	 challenges	 in	 POCT,	 the	 implementation	 of	 which	 requires	
resources	to	acquire	the	devices,	as	well	as	to	train	the	staff	(Drenck,	2001).	The	
ED	staff	in	the	study	conducted	by	Blick	(2014)	had	the	advantage	of	knowing	the	
POCT	 device	 from	 previous	 use	 for	 other	 analytes,	 thus	 no	 extra	 costs	 were	
needed	for	the	training	of	the	staff.	Whether	the	minimization	of	assay	TAT	offers	
added	value	in	the	actual	ACS	diagnosis	remains	a	matter	of	debate.	This	is	due	to	




and	redesign	of	 the	current	pathways	can	 limit	 the	 length	of	ED	admissions	and	
increase	 the	 patient	 flow	 via	 reducing	 the	 laboratory	 TAT	 time	 (Storrow	 et	 al.,	
2008).	 According	 to	 the	 experts,	 one	 of	 the	 biggest	 shortcomings	 in	 the	 studies	
involving	the	POCT	of	cTns	is	that,	currently,	there	are	no	studies	that	would	have	
clearly	demonstrated	 that	 saving	60	minutes	 in	 the	diagnosis	of	MI	 reduces	 the	
risk	of	future	myocardial	events	(Bingisser	et	al.,	2012).		
2.2 Lanthanide‐doped	polystyrene	nanoparticles	
The	 European	 Committee	 for	 Standardization	 has	 defined	 nanomaterials	 as	
particles	having	external	dimensions	on	the	nanoscale,	 i.e.,	 the	maximum	size	of	
nanoparticles	should	be	in	the	order	of	100	nm	(Lövestam	et	al.,	2010).	A	number	








labels,	 lanthanide	 luminescence	has	relatively	 long	decay	 times,	between	µs	and	
ms	 range,	 enabling	 its	 use	 in	 time‐resolved	 mode	 and	 resulting	 in	 minimal	
interference	 from	background	 fluorescence.	 Lanthanide	 labels	 also	 have	 a	 large	
Stokes	shift,	which	means	there	is	no	overlap	between	the	excitation	and	emission	
spectra.	Therefore,	self‐quenching	is	not	a	problem,	as	is	commonly	the	case	with	
traditional	 labels.	 (Hagan	 and	 Zuchner,	 2011)	 The	 introduction	 of	 lanthanide	
chelate	technology	in	the	1980s	(Soini	and	Kojola,	1983;	Mukkala	et	al.,	1989)	and	
its	 commercialization	 have	 enabled	 the	 development	 of	 wide	 range	 of	





cause	 increases	 in	 the	assay	nonspecific	binding	 (Laukkanen	et	al.,	 1995).	 Since	
only	 a	 number	 of	 individual	 chelates	 can	 be	 attached	 to	 a	 single	 protein,	 the	
lanthanide	chelates	have	been	incorporated	into	a	shell	protecting	the	labels.		
The	 polymerization	 of	 styrene	 monomers	 is	 a	 well‐recognized	 method	 for	
achieving	 nanoscale	 particles	 (Piskin	 et	 al.,	 1994).	 One	 way	 of	 manufacturing	






produce	 a	 particulate	 label,	 a	 so‐called	 nanoparticle,	 that	 does	 not	 affect	 the	
individual	 fluorescence	properties	of	 the	chelates,	and	even	a	single	particle	can	
be	 detected	 in	 a	 solution	 (Härmä	 et	 al.,	 2001;	 Soukka	 et	 al.,	 2001b).	 The	
composition	 of	 the	 final	 particle	 solution	 can	 be	 modified	 by	 using	 different	
amounts	 of	 co‐polymers	 in	 the	 polymerization	 reaction.	 These	 co‐polymers	
include	acrylic	or	methacrylic	acid,	which	produce	carboxyl	groups	on	the	particle	
surface	(Shirahama	and	Suzawa,	1984).	By	the	addition	of	these	co‐polymers	the	
colloidal	 stability	 and	 functionality	 of	 the	 particles	 can	 be	 altered	 (Lück	 et	 al.,	
1998).	 In	 the	 end,	 the	 particles	 are	 separated	 from	 the	 excess	 of	 the	 label	
(Matsuya	et	al.,	2003).	Approaches	with	simultaneous	polymerization	and	chelate	
encapsulation	 have	 also	 been	 introduced	 (Chen	 et	 al.,	 1999;	 Tamaki	 and	
Shimomura,	 2002).	 To	 prevent	 the	 chelate	 from	 leaking	 out	 of	 the	 polystyrene	
particle,	Hakala	et	al.	 (2006)	have	described	a	method	for	covalently	 linking	the	
chelate	 into	 the	 particle	 shell.	 Commercially	 available	 lanthanide‐doped	
polystyrene	particles	with	modified	surfaces	are	also	readily	available.	
2.2.3 Functionalization	of	polystyrene	nanoparticles	
The	 simplest	 way	 of	 attaching	 the	 target	 molecule	 to	 the	 particles	 is	 physical	
adsorption	 (Dezelić	 et	 al.,	 1971),	 which	 is	 a	 reversible	 process.	 The	 adsorbed	
molecule	 can	 partially	 desorb	 due	 to	 pH	 changes	 (Ortega‐Vinuesa	 and	Hidalgo‐
Alvarez,	 1995),	 detergent	 addition,	 or	 displacement	 by	 another	protein	 (Bale	et	
al.,	1989).		
The	 functional	 groups	 formed	during	 the	 polymerization	 reaction	 are	 conveyed	
onto	 the	 particle	 surface	 to	 enable	 an	 efficient	 covalent	 conjugation	 of	
biomolecules	 with	 the	 particles	 (Bale	 Oenick	 et	 al.,	 1990).	 Therefore,	 specific	
coupling	 schemes	 are	 available	 for	 different	 functional	 groups	 (Brinkley,	 1992;	





ethylcarbodiimide	 (EDC)	 ‐chemistry.	EDC	activates	 the	carboxylic	groups	on	 the	
particle	 surface	 and	 enables	 their	 reaction	 with	 primary	 amine	 groups	 on	 the	






Figure	1.	 Schematic	 presentation	 of	 the	 activation	 chemistry	 of	 carboxyl‐modified	 particles.	 EDC	
activation	of	the	COOH‐group	yields	an	unstable	intermediate	that	can	directly	be	used	to	couple	the	
desired	 protein	 or	 other	 primary	 amine‐containing	 molecule	 to	 the	 particle.	 Some	 proteins	 are	
inactivated	from	direct	exposure	to	EDC,	and	the	addition	of	NHS	or	sulfo‐NHS	forms	a	more	stable	
intermediate,	 thus	 enabling	 washing	 steps	 and	 the	 removal	 of	 the	 unreactive	 EDC	 prior	 to	 the	
coupling	of	the	binder	molecules.	(Adapted	from	Griffin	et	al.,	1994).	
2.2.4 Immunometric	assays	utilizing	polystyrene	nanoparticles	
Soukka	 et	 al.	 (2001a)	 have	 demonstrated	 that	 by	 optimizing	 the	 amount	 of	
activation	 reagents	 and	 the	 protein	 amount	 in	 the	 coating	 reaction,	 up	 to	 200	
active	binding	sites	can	be	created	onto	a	single	107	nm	(diameter)	particle.	This	
causes	an	 increase	 in	 the	binding	area	of	 the	 label	and	enhances	the	association	
rate	 of	 the	 detection	 antibody	 used	 (Soukka	 et	 al.,	 2001a).	 This	 avidity‐based	
enhancement	of	assay	signal	assists	in	the	development	of	highly	sensitive	assays	
with	 simple	 test	 designs	 (Härmä	 et	 al.,	 2001;	 Soukka	 et	 al.,	 2001b).	 Thus,	
lanthanide‐doped	 polystyrene	 particles	 have	 enabled	 the	 development	 of	
sensitive	 assays	 for	 different	 protein	 and	 viral	 analytes	 (Soukka	 et	 al.,	 2003;	
Valanne	et	al.,	2005;	Järvenpää	et	al.,	2012).	
2.3 Immunoassay	interferences	
The	 concept	 of	 immunoassay	 interference	 is	 almost	 as	 old	 as	 immunoassay	
technology	 itself.	The	 first	substantial	reports	of	 immunoassay	 interference	date	
back	 to	 the	 1970s	 and	 1980s	 (Sgouris,	 1973;	 Hunter	 and	 Budd,	 1980).	
Literature	Review	
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Nevertheless,	 immunoassay	 interferences	 are	 frequently	 reported	 with	 new	
assays,	as	well	as	with	assays	that	are	widely	used	in	the	clinical	 field	(Xu	et	al.,	
2013;	 Lippi	et	al.,	 2014).	Over	 the	 years,	 false	 immunoassay	 results	 have	 led	 to	
detrimental	 misdiagnosis	 and	 unnecessary	 treatments	 of	 patients	 (Rotmensch	
and	 Cole,	 2000;	 Ballieux	 et	 al.,	 2008).	 The	 effects	 of	 immunoassay	 interference	
depend	on	 the	 interference	 type,	 as	well	 as	 the	method	 and	 analyte	 used.	 They	
cause	either	false	positive	or	false	negative	results,	but	these	can	be	observed	with	
one	 method	 and	 be	 corrected	 with	 an	 assay	 from	 a	 different	 manufacturer	
(Janssen	et	al.,	2014;	Robier	et	al.,	2014).		
2.3.1 Interference	mechanisms	of	circulating	human	antibodies	




different	 constant	 domains	 (CH1,	 CH2	 and	 CH3).	 Domains	 present	 in	 the	 so‐called	
















and	 Beatty,	 1992;	 Bolstad	 et	 al.,	 2011).	 Furthermore,	 interfering	 circulating	




Figure	 3.	 A)	 Examples	 of	 immunometric	 assays	 for	 a	 true	 positive,	 a	 false	 positive	 and	 a	 false	
negative	 immunoassay	 result.	 B)	 Examples	 of	 specificities	 of	 different	 possibly	 interfering	
heterophilic	and	similar	antibodies.		
2.3.2 Heterophilic‐type	interference	
During	 the	 past	 40	 years,	 different	 immunoassays	 have	 been	 reported	 to	 suffer	
from	 interferences	 caused	 by	 circulating	 antibodies	 that	 have	 affinity	 to	 assay	
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antibodies.	 Heterophilic	 and	 similar	 antibodies	 can	 express	 immunoglobulin	
classes	G,	A,	M,	and	somewhat	infrequently	E	(Kricka,	1999).	One	very	prominent	
field	affected	by	heterophilic‐type	 interference	has	been	 the	assays	 for	different	
tumor	markers,	 including	human	chorionic	gonadotropin	(hCG)	(Rotmensch	and	
Cole,	 2000;	 Gallagher	 et	 al.,	 2010),	 prostate‐specific	 antigen	 (PSA)(Fritz	 et	 al.,	
2009),	 cancer	 antigen	 125	 (CA‐125)	 (Bertholf	 et	 al.,	 2002),	 carcinoembryonic	
antigen	 (CEA)	 (Bjerner	 et	 al.,	 2002),	 and	 calcitonin	 (Papapetrou	 et	 al.,	 2006).	
Different	 categorizations	 of	 heterophilic‐type	 interference	 can	 be	 made.	 In	 this	
thesis,	 as	 suggested	 by	 Kaplan	 and	 Levinson,	 the	 term	 human	 anti‐animal	
antibodies	(HAAAs)	and	their	subclasses,	including	human	anti‐mouse	antibodies	
(HAMAs),	 have	 been	 reserved	 for	 high‐affinity	 human	 antibodies	 that	 are	




treatment	 with	 animal	 antibodies.	 (Kaplan	 and	 Levinson,	 1999)	 However,	 the	




thus	 resulting	 in	 reports	 of	 specific	 HAAAs	 (Hwang	 and	 Foote,	 2005)	 and	 the	
introduction	 of	 engineered	 antibodies	 (Presta,	 2006).	 The	 most	 commonly	
described	 HAAAs	 are	 HAMAs,	 since	 antibodies	 of	 murine	 origin	 are	 most	
commonly	 used	 in	 commercial	 immunoassays	 (Kricka,	 1999).	 Anti‐isotype	
HAMAs	seem	to	be	more	common	than	other	 types	of	HAMA:	Lind	et	al.	 (1991)	
reported	that	after	an	administration	of	a	medical	murine	Mab,	29	out	of	the	141	
study	 participants	 showed	 a	 positive	 HAMA	 response:	 80%	 being	 anti‐isotypic	
and	the	remaining	20%	anti‐idiotypic.	The	reported	HAMA	concentrations	in	the	
circulation	 vary	 hugely,	 and	 can	 be	 as	 high	 as	 on	 the	 g/L	 scale	 (Moseley	 et	al.,	
1988).	 The	 duration	 of	 the	 response	 can	 be	 maintained	 for	 years	 after	 the	
exposure	 to	 foreign	 Igs	(Baum	et	al.,	1994).	 In	addition	to	HAMA,	specific	HAAA	
responses	 have	 been	 observed	 against	 other	 animals	 serving	 as	 hosts	 for	
immunotherapy.	The	existence	of	both	human	anti‐rabbit	(Hiemstra	et	al.,	1988)	
and	anti‐horse	antibodies	have	been	reported	(Harkiss,	1984).		
When	 the	 Fc‐region	 of	 the	 Mab	 is	 substituted	 with	 the	 corresponding	 human	




analyte‐recognizing	 ones	 have	 also	 emerged.	With	 these	 humanized	 antibodies,	






origin	 are	 reported	 to	 cause	 corresponding	 HAAAs,	 or	 interferences	 in	
immunoassays.	Patients	injected	with	Arcitumomab,	a	murine	Fab‐fragment	used	
in	 the	 diagnostic	 imaging	 of	 colorectal	 cancer,	 do	 not	 form	 HAAA‐responses	
against	 the	 drug	 (Wegener	 et	 al.,	 2000).	 Furthermore,	 not	 all	 HAAA‐responses	




Although	 heterophilic	 antibodies	 are	 generally	 considered	 to	 be	 low‐affinity	
multispecific	 antibodies,	 also	 high‐affinity	 antibodies	 especially	 against	
immunoassay	 antibody	 sub‐class	 IgG1	 have	 been	 found	 (Bjerner	 et	 al.,	 2005;	
Bolstad	 et	 al.,	 2011).	 Heterophilic	 antibody	 interference	 seems	 to	 be	 caused	
mainly	by	human	immunoglobulin	class	M	(IgM)	antibodies	(Bjerner	et	al.,	2005).	
Due	 to	 the	 polyvalence	 of	 IgM	 class	 antibodies,	 the	 interference	 from	 IgM	 class	
antibodies	is	often	considered	more	effective	than	the	interference	from	IgG	class	




the	 induction	 of	 heterophilic	 antibodies	 include	 exposure	 to	 animals	 (Berglund	
and	 Holmberg,	 1989)	 and	 animal‐based	 products	 (Dahlmann	 and	 Bidlingmaier,	
1989),	 blood	 transfusion	 (Davidsohn	 and	 Lee,	 1966),	 autoimmune	 diseases	
(Falchuk	and	Isselbacher,	1976),	and	maternal	transfer	(Larsson	et	al.,	1981).		
In	many	cases	heterophilic‐type	antibody	interference	can	be	traced	to	be	against	
antibodies	 from	 a	 specific	 origin.	 Heterophilic	 human	 anti‐bovine	 antibodies	
(Andersen	 et	 al.,	 2004),	 anti‐sheep	 antibodies	 (Monchamp	 et	 al.,	 2007),	 anti‐
rabbit	 antibodies	 (Butch,	 2000),	 and	 anti‐goat	 antibodies	 (Cavalier	 et	al.,	 2009)	
have	all	been	reported	to	cause	immunoassay	interferences.	Although	these	types	
of	 immunoassay	 interferences	 are	 nowadays	 often	 caught	 before	 causing	
detrimental	 effects,	 reports	 of	 overlooking	 these	 interferences	 have	 been	
published	throughout	the	years.	In	a	report	from	Berglund	and	Holmberg	(1989),	
a	case	was	presented,	where	heterophilic	antibodies	specific	to	rabbit	antibodies	






sera	 from	different	 animals	 could	 effectively	 eliminate	 heterophilic	 interference	




the	 additions	 of	 sheep,	 cow,	 guinea	 pig,	 rat	 and	 rabbit	 serum	 abolished	 the	
interference	 in	 78%,	 78%,	 69%,	 70%	 and	 25%	 of	 the	 samples,	 respectively.	




micro‐organisms.	 Covinsky	 et	 al.	 (2000)	 have	 reported	 on	 a	 56‐year‐old	 male	
suffering	 from	 Escherichia	 coli	 septisemia,	 who	 presented	 with	 falsely	 elevated	





Rheumatoid	 factors	 (RF)	 are	 autoantibodies	 (usually	 IgM)	 directed	 against	 a	
patient's	 own	 IgG	 and	 IgA	 antibodies.	 About	 70%	 of	 the	 people	 affected	 with	
rheumatoid	 arthritis	 are	 found	 to	 have	 circulating	 RFs	 (Wolfe	 et	al.,	 1991),	 but	
RFs	can	also	be	found	in	approximately	5%	of	the	healthy	population	(Nielsen	et	
al.,	 2012).	 Originally,	 RFs	 were	 defined	 by	 their	 ability	 to	 bind	 to	 antigenic	
determinants	 in	 the	 antibody	 Fc‐region	 (Carson	 et	 al.,	 1987),	 but	 they	 can	 be	
targeted	 to	 other	 regions	 as	 well	 (Selby,	 1999).	 The	 presence	 of	 RFs	 has	 been	
connected	to	falsely	elevated	analyte	values	in	numerous	assays,	including	thyroid	




The	 incidence	 of	 heterophilic‐type	 interference	 is	 highly	 dependent	 on	 the	
immunoassay	type	and	analyte,	and	varies	greatly	between	different	studies.	In	a	
study	 by	 Andersen	 et	 al.	 (2004),	 it	 was	 observed	 that	 human	 heterophilic	
antibodies	with	specificity	to	bovine	antibodies	were	present	in	99%	of	the	donor	
serum	 samples	 and	 caused	 a	 false	 positive	 interference	 rate	 of	 81%	 in	 an	
immunoassay	 for	 endometrial	 protein	 PP14.	 A	 recent	 study	 by	 Koshida	 et	 al.	
(2010)	 indicated	 the	 existence	 of	 heterophilic	 antibodies	 with	 anti‐mouse	
specificity	 in	>10%	of	 the	samples	 tested.	An	older	study	by	Boscato	and	Stuart	
(1986)	 observed	 an	 approximately	 15%	 interference	 rate	 in	 non‐blocked	
immunoassays	 with	 roughly	 40%	 of	 the	 serum	 samples	 containing	 significant	
amounts	of	heterophilic	type	antibodies.		
The	extent	of	 the	 immunoassay	 interference	 incidence	was	clearly	highlighted	a	
decade	ago,	when	Marks	et	al.	(2002)	measured	the	concentrations	of	74	different	
analytes	 in	 samples	 obtained	 from	 10	 different	 individuals	 with	 diseases	




can	 be	 seen	 in	Table	1.	 Of	 the	 3445	 results	 obtained,	 approximately	 9%	were	
found	 to	 be	 falsely	 positive.	 Of	 those	 false	 positives,	 21%	 (1.8%	 of	 all	 results)	
were	considered	as	potentially	leading	to	incorrect	clinical	interpretation.		










Cortisol	 8	 0/85	 17/85	(20%)	
CA‐19‐9	 10	 1/84	(1.2%)	 9/84	(11%)	
Estradiol	 7	 3/59	(5.1%)	 34/59	(58%)	
Myoglobin	 7	 28/59	(48%)	 0/59	
TSH	 14	 10/249	(4.0%)	 4/249	(1.6%)	
cTnI	 9	 18/156	(12%)	 9/156	(5.8%)	






is	 failing.	 Autoantibodies	 are	 produced	 in	 many	 autoimmune	 diseases,	 e.g,	
rheumatoid	 arthritis,	 but	 can	 also	 be	 found	 in	 apparently	 healthy	 individuals	
(Nielsen	et	al.,	 2012).	Autoantibodies	 against	 the	assay	analyte	 can	 cause	either	
false	 negative	 or	 false	 positive	 signals	 in	 immunoassays.	 In	 thyroid	 testing,	 the	
prevalence	of	autoantibodies	has	been	estimated	to	be	between	0%	and	25	%,	and	
their	 occurrence	 has	 been	 connected	 to	 interferences	 in	 thyroid	 function	 tests	
(Despres	and	Grant,	1998).	Falsely	decreased	values	of	insulin	can	be	measured,	if	
the	insulin	autoantibodies	mask	the	binding	sites	of	the	assay	antibodies	(Kim	et	
al.,	 2011).	 Autoantibodies	 have	 been	 detected	 against	 various	 other	 analytes	 as	
well,	 including	 PSA	 (Zisman	 et	 al.,	 1995;	 McNeel	 et	 al.,	 2000)	 and	 calcitonin	
(Dorizzi	 et	 al.,	 1991),	 but	 their	 impact	 on	 the	 measurement	 of	 the	 analytes	 is	
unknown.		
A	 number	 of	 studies	 have	 highlighted	 the	 effects	 of	 anti‐analyte	 autoantibodies	
against	cTns.	These	autoantibodies	can	cause	false	negative	results	by	 inhibiting	
the	cTn	detection	of	the	assay	antibodies	(Eriksson	et	al.,	2005b),	or	false	positive	
results	 by	 stabilizing	 the	 antigen	 (Plebani	 et	 al.,	 2002).	 The	 estimates	 of	 cTn	
autoantibody	 prevalence	 in	 an	 apparently	 healthy	 population	 vary	 extensively	






Various	 other	 proteins	 can	 also	 cause	 interferences	 in	 immunoassays.	When	 an	
antigen	 binds	 to	 a	 solid‐phase	 antibody,	 or	 an	 intact	Mab	 is	 bound	 to	 a	 plastic	
surface,	an	immune	complex	is	formed	that	may	activate	the	complement	system	
(Carlander	and	Larsson,	2001;	Nilsson	et	al.,	1993).	Complement	factor	C4b	binds	
to	 the	 Fab‐region	 of	 the	 antibody	 (Campbell	 et	al.,	 1980),	which	may	 cause	 the	
antibody	binding	sites	to	be	blocked	by	the	complement.	It	has	also	been	reported	
that	 antibody	 subclasses	 show	 different	 susceptibilities	 to	 complement‐derived	
interference	 so	 that	 subclass	 IgG2	 antibodies	 are	 more	 prone	 to	 complement‐
derived	interference	than	subclass	IgG1	antibodies	(Börmer,	1989).		
Lysozyme	binds	 proteins	with	 low	 isoelectric	 points,	 thus	 possibly	 bridging	 the	
assay	antibodies	(Selby,	1999).	Different	hormone‐binding	proteins	can	alter	the	
measured	 analyte	 concentration	 by	 blocking	 the	 analyte	 or	 by	 removing	 the	
analyte	 from	 the	 assay	 antibodies	 (Tate	 and	Ward,	 2004).	 Albumin	 may	 cause	
interference	 as	 a	 result	 of	 a	 high	 blood	 concentration,	 or	 the	 ability	 to	 bind	 or	
release	vast	quantities	of	ligands	(Selby,	1999).		
Paraproteins,	 which	 are	 antibodies	 that	 do	 not	 fight	 against	 infection,	 are	
reported	to	cause	falsely	decreased	immunoassay	values	for	vancomycin	(LeGatt	
et	 al.,	 2012)	 and	 thyroid‐stimulating	 hormone	 (TSH)	 (Loh	 et	 al.,	 2012).	
Macrohormones,	which	are	hormones	conjugated	with	immunoglobulins,	can	also	
cause	 assay	 interferences,	 usually	 by	 artefactually	 elevating	 assay	 results.	 The	
most	commonly	encountered	macrohormone	is	macroprolactin,	which	may	cause	
false	 diagnoses	 of	 hyperprolactinaemia	 (Fahie‐Wilson	 and	 Smith,	 2013),	 but	


















Cross‐reactivity	 occurs,	 when	 endogenous	 molecules	 with	 similar	 or	 identical	
epitopes	to	the	analyte	being	measured	are	present	 in	the	circulation	(Kroll	and	
Elin,	 1994).	 Therefore,	 cross‐reactivity	 requires	 a	 stereochemically	 permissive	
environment	 at	 the	 antigen‐antibody	 interface	 (Chitarra	 et	 al.,	 1993).	 Cross‐
reactivity	can	cause	either	false	positive	or	false	negative	results	depending	on	the	
epitopes	 present	 in	 the	 cross‐reactant	 (Sturgeon	 and	 Viljoen,	 2011).	 Modern	
digoxigen	assays	show	detrimental	cross‐reactivity	with	 immunoreactive	 factors	
present	 in	 renal	 failure,	 liver	disease,	 and	hypertension	 (Dasgupta,	 2006).	Early	
human	hCG	assays	cross‐reacted	with	 luteinizing	hormone	(Thomas	and	Segers,	
1985),	but	the	development	of	new	monoclonal	antibodies	has	led	to	very	specific	
hCG	 assays	 with	 which	 the	 cross‐reactivity	 issues	 can	 be	 avoided.	 It	 has	 been	
recommended	 that,	 to	 ensure	 a	 clinically	 useful	 assessment	 of	 cross‐reactivity,	




Some	drugs	 and	herbal	 remedies	 react	 as	 cross‐contaminants.	When	measuring	
steroids,	 cortisol	 for	 example,	 is	 often	 problematic.	 Berthod	 and	 Rey	 (1988)	
reported	 cross‐reactivities	 between	 340%–810%	 for	 different	 hydrocortisone	
derivatives	 in	 an	 assay	 for	 cortisol,	whereas	 immunoassays	 for	 cyclosporin	A,	 a	
drug	used	as	an	anti‐rejection	drug	for	organ	transplantation,	have	shown	cross‐
reactivities	up	to	174%	for	the	metabolites	of	the	parent	drug	(Steimer,	1999).		
Herbal	 remedies,	 especially	 used	 in	 the	 Eastern	medicine,	 have	 recently	 raised	
concerns	as	 interfering	 factors	(Dasgupta	and	Bernard,	2006).	A	certain	Chinese	
medication	prepared	from	toad	venom	(Chan	Su)	containing	bufadienolides	that	




results	 in	 some	 assay	 systems	 and	 analytes	 (Evans	 et	 al.,	 2001;	 Krintus	 et	 al.,	
2014).	 False	 elevations	 of	 cTnI	 values	 have	 been	 observed	 in	 Abbott	 AxSym®	
assay	 system	 due	 to	 fibrin	 present	 in	 serum	 samples	 (McClennen	 et	 al.,	 2003;	
Kazmierczak	 et	 al.,	 2005).	 Chang	 et	 al.	 (2003)	 have	 reported	 that	 when	 serum	
separator	 tubes	were	 used	 instead	 of	 plain	 tubes,	 increased	 assay	 values	 for	 C‐
reactive	protein	(CRP)	were	measured.	The	proposed	reason	for	the	observation	






Ellis	 et	 al.	 (2003)	 have	 reported	 that	 the	 hormone	 adrenocorticotrophin	 was	
stable	only	for	18	hours	in	plasma	(at	+4°C),	compared	to	the	stability	of	over	120	
hours	 for	 18	 other	 hormones.	 Additionally,	 falsely	 elevated	 values	 due	 to	
inappropriate	 sampling	 procedures	 are	 an	 inherent	 risk	 that	 should	 not	 be	
disregarded.	 If	 a	 sample	 with	 very	 high	 analyte	 concentration	 is	 followed	 by	 a	
sample	 with	 low	 analyte	 concentration,	 a	 carryover	 of	 the	 analyte	 may	 occur	
(Armbruster	and	Alexander,	2006).		
2.3.9 High‐dose	hook	effect		
In	 assay	 systems	 where	 wide	 dynamic	 ranges	 are	 required	 (e.g.,	 hCG,	 PSA)	 a	
saturation	of	the	solid‐phase	and	detection	antibodies	with	the	circulating	antigen	
can	 occur.	 This	 phenomenon	 called	 high	 dose	 hook	 effect,	 although	 not	
interference	as	such,	can	lead	to	a	possible	misdiagnosis	of	a	condition	(Sturgeon	
and	McAllister,	1998).	A	diagrammatic	representation	of	a	high‐dose	hook	can	be	
seen	 in	 Figure	 4.	 High‐dose	 hooks	 are	mostly	 seen	 in	 one‐step	 immunometric	
assays,	 where	 the	 simultaneous	 addition	 of	 capture	 and	 detection	 antibodies	
















As	 noted	 earlier,	 the	 formation	 of	 HAAAs	 is	 a	 complicated	 process,	 and	 not	 all	
HAAAs	 cause	 assay	 interferences.	 There	 are	 few	 studies,	 where	 the	 sole	
administration	 of	 a	 therapeutic	 drug	 is	 compared	 with	 a	 situation	 where	 it	 is	





HACA‐responses	were	 observed	 (Richman	 et	al.,	 1995).	 In	 another	 study,	when	
infliximab,	 a	 chimeric	 monoclonal	 IgG	 against	 tumor	 necrosis	 factor	 alpha	 was	
repeatedly	administered,	antibodies	against	the	drug	were	formed	in	75%	of	the	






Immunoassay	 design	 has	 a	 major	 effect	 on	 the	 probability	 of	 possible	
interferences	caused	by	the	sample	matrix.	Currently,	most	immunometric	assays	
are	designed	 to	use	subclass	 IgG1	Mabs	originating	 in	 the	mouse	(Bolstad	et	al.,	
2013).	 One	 successful	 approach	 to	 the	 removal	 of	 assay	 interferences	 is	 the	
utilization	of	capture	and	detection	antibodies	of	differing	animal	origins	(Hennig	
et	al.,	2000;	Carlander	and	Larsson,	2001).		
Mabs	 possessing	 the	 highly	 immunogenic	 Fc‐region	 are	 prone	 to	 different	
interferences,	and	since	there	is	no	single	blocking	reagent	that	could	remove	all	
interferences	from	heterophilic	and	similar	antibodies	(Dasgupta	et	al.,	1999),	the	
removal	 of	 the	 Fc‐region	 of	 the	 antibody	 is	 considered	 to	 be	 one	 of	 the	 most	




The	 enzymatic	 cleavage	 of	 Mabs	 can	 be	 done	 with	 different	 enzymes.	
Traditionally,	 the	 non‐specific	 thiol	 protease	 papain,	 is	 used	 to	 obtain	 Fab‐
fragments,	whereas	 F(ab’)2‐fragments	 are	 obtained	 by	 using	 pepsin	 (Figure	5).	
(Liddell,	2013)	The	production	of	F(ab’)2‐fragments	with	pepsin	has	proven	more	
difficult	 than	 the	 production	 of	 Fab‐fragments:	 different	 antibody	 species	 and	
subclasses	are	variably	susceptible	to	pepsin	digestion.	Especially	IgG	subclass	2b	
is	prone	to	complete	degradation,	so	an	optimization	of	the	degradation	process	is	
crucial	 for	 each	 antibody	 (Wilson	 et	 al.,	 2002).	 Because	 of	 the	 differences	 and	







Figure	 5.	 Enzymatic	 papain	 and	 pepsin	 digestions	 of	 an	 intact	 Mab	 to	 obtain	 Fab‐	 and	 F(ab’)2‐
fragments.	
Vaidya	&	Beatty	(1992)	reported	that	out	of	about	2600	samples	tested,	81	were	
observed	 to	 contain	 heterophilic	 antibodies,	 and	 out	 of	 those	 samples	 22	 %	
(n=18)	gave	unexpectedly	high	signals	 in	 their	assays	 for	CK‐MB.	They	reported	
that	 the	 combinatorial	 use	 of	 F(ab’)2‐fragments	 and	 mIgG	 eliminated	 all	
heterophilic	 interferences	 in	 the	 assay.	 A	more	 recent	 study	 by	 Väisänen	 et	 al.	
(2006)	reported	that	in	an	assay	for	free	human	kallikrein	2,	the	employment	of	
F(ab’)2‐fragments	 instead	 of	 intact	 Mabs	 resulted	 in	 a	 10–100‐fold	 decrease	 in	
false	positive	signals,	thus	practically	eliminating	assay	interference.	In	a	study	by	
Bjerner	 et	 al.	 (2002)	 an	 introduction	 of	 an	 F(ab’)2‐fragment	 reduced	 the	
immunoassay	 interference	 from	 4%	 to	 0.1%.	 Enzymatically	 produced	 Fab‐
fragments	 have	 less	 frequently	 than	 F(ab’)2‐fragments	 been	 applied	 in	 the	
elimination	of	assay	interferences,	but	already	in	1979	it	was	observed	that	when	
enzymatically	 cleaved	 Fab‐fragments	 were	 applied	 into	 an	 assay	 for	 insulin,	 a	
total	elimination	of	RF‐interference	occurred	(Kato	et	al.,	1979).		
2.4.2.2 Recombinant	antibodies	and	antibody	fragments	
The	proteolytic	 fragmentation	of	 intact	Mabs	 is	 a	 labor‐intensive	 and	expensive	
process,	 so	 recombinant	 antibody	 fragments	 expressed	 in	 E.coli	 have	 been	
available	for	nearly	20	years	(Hayden	et	al.,	1997).	Furthermore,	the	introduction	
of	different	recombinant	techniques	in	the	1980s	and	1990s	has	also	enabled	the	
production	 of	 antibody	 fragments	 of	 fully	 human	 origin	 (Jespers	 et	 al.,	 1994).	
These	 well‐established	 recombinant	 DNA	 techniques	 can	 be	 harnessed	 to	
incorporating	 specific	 reactive	 groups	 into	 the	 fragments,	 thus	 facilitating	 easy	
purification	 and	 site‐directed	 labeling	 of	 the	 fragments,	 along	with	 enabling	 the	
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continual	 and	 homogenous	 production	 of	 the	 fragments	 (Lyons	 et	 al.,	 1990;	
Knappik	 and	 Plückthun,	 1994;	 Lindner	 et	 al.,	 1997).	 The	 use	 of	 site‐specific	
labeling	should	enable	the	formation	of	highly	oriented	antibody	surfaces	and	the	
development	of	 increasingly	sensitive	immunoassays	(Peluso	et	al.,	2003).	 It	has	
been	 reported	 that	 recombinantly	 produced	 antibody	 fragments	 have	 equal	
affinities	 to	 corresponding	Mabs	 (Altshuler	et	al.,	 2012).	Also,	 the	production	of	
recombinant	 fragments	 in	E.coli	 and	 the	biotinylation	of	 the	 fragment	as	part	of	
the	 purification	 process	 do	 not	 alter	 the	 stability	 of	 the	 produced	 fragments	
(Eriksson	et	al.,	2000;	Ylikotila	et	al.,	2006).	
The	 first	 report	 for	 an	 immunometric	 assay	 for	 PSA	 completely	 based	 on	
recombinant	 Fab‐fragments	 was	 published	 in	 the	 year	 2000	 (Eriksson	 et	 al.,	
2000).	 Since	 then,	 a	number	of	 assays	based	on	 recombinant	Fab‐fragments	 for	
different	analytes,	e.g.,	cTnI	(Ylikotila	et	al.,	2006)	and	lectins	(Kelly	et	al.,	2005)	
have	been	published.	As	 for	commercial	 immunoassays,	 the	4th	generation	cTnT	
assay	from	Roche	(Mannheim,	Germany)	utilized	two	murine	Fab‐fragments	in	a	
sandwich	format,	and	the	new	5th	generation	high	sensitivity	modification	of	the	
assay	 utilizes	 a	 chimeric	 version	 of	 the	 detection	 antibody	 (Giannitsis	 et	 al.,	
2010b).		
Although	the	first	assay	utilizing	single‐chain	variable	fragments	(scFv)	consisting	









animal‐based	 immunization	methods	 cannot	 be	 applied	 to	 certain	 analytes,	 e.g.,	
toxic	 components	 and	 small	haptens	 (Zhang	et	al.,	 2014;	Alvarenga	et	al.,	 2014;	
Oyama	et	al.,	2013).	Large	antibody	libraries	can	easily	be	used	to	obtain	binders	
for	any	kinds	of	analytes,	making	animal	 immunization	redundant	(Nissim	et	al.,	
1994;	 Brockmann	 et	 al.,	 2011).	 Despite	 their	 possible	 challenges	 in	 long‐term	
stabilities,	 scFv‐fragments	 have	 successfully	 been	 employed	 in	 a	 variety	 of	
different	immunoassays	(Warren	et	al.,	2005;	Wang	et	al.,	2008;	Brockmann	et	al.,	
2010).		
Small	 scFv‐fragments	 contain	 less	 material	 from	 the	 original	 host	 species	 than	
larger	 recombinant	 antibody	 fragments	 or	 enzymatically	 fragmented	 antibodies	







two	 different	 origins	 have	 been	 combined.	 Usually	 chimeric	 antibodies	 are	
considered	to	be	of	non‐human	origin,	e.g.,	murine	antibodies	that	are	modified	to	
contain	 human	 sequences.	 For	 example,	 the	 constant	 domains	 of	 a	 mouse	
antibody	 can	 be	 replaced	 with	 the	 corresponding	 human	 sequences,	 thus	
potentially	minimizing	the	immunoreactive	properties	of	the	mouse	parts	(Liu	et	
al.,	 1987).	 Chimeric	 antibodies	 can	 easily	 be	 produced	 and	 secreted	 in	E.coli	 as	
fully	 active	 constructs	 (Better	 et	 al.,	 1988).	 When	 intact	 Mab	 and	 chimeric	
human/mouse	 versions	 of	 the	 same	 tracer	 antibody	 was	 tested	 in	 an	
immunoassay	for	CEA,	it	was	noted	that	when	no	assay	blockers	were	used,	146	
(29.0%)	out	of	 the	503	serum	samples	 tested	produced	a	 falsely	elevated	result	
with	 the	Mab‐version,	whereas	only	14	 (2.8%)	did	 so	with	 the	 chimeric	 system	
(Kuroki	et	al.,	1995).	
Humanized	antibodies	are	distinct	from	chimeric	antibodies.	They	are	antibodies	
of	 non‐human	 origin,	whose	 protein	 sequences	 have	 been	modified	 to	 increase	
their	 similarity	 to	 antibody	 variants	 produced	 naturally	 in	 humans.	 The	 most	
common	 way	 of	 obtaining	 humanized	 antibodies	 is	 called	 complementarity	
determining	 region	 (CDR)	 grafting.	 When	 performing	 the	 humanization	 of	 a	
mouse	 antibody	 by	 CDR	 grafting,	 the	mouse	 CDRs	 responsible	 for	 the	 antibody	
binding	 are	 inserted	 into	 a	 human	 framework	 with	 different	 molecular	
techniques.	The	binding	affinity	of	the	humanized	antibodies	may	suffer,	however,	
since	 the	 human	 framework	 residues	 may	 be	 involved	 in	 the	 actual	 binding	
reaction.	 (Safdari	 et	 al.,	 2013)	 Nowadays,	 humanized	 antibodies	 are	 used	 for	
treating	different	human	diseases,	but	no	studies	of	their	use	in	reducing	matrix‐
related	 interferences	 in	 immunoassays	 have	 yet	 been	 published.	 A	 schematic	









tedious,	 and	 often	 constrained	 to	 a	 specific	 group	 of	 interferences.	 Different	
approaches	have	been	tested	on	samples	where	either	falsely	negative	or	falsely	
positive	 results	 have	 been	 obtained.	 It	 must	 be	 noted	 though,	 that	 all	 of	 the	






precipitation	 has	 been	 used	 to	 remove	 proteins,	 e.g.,	 prolactin	macrocomplexes	
and	 thyroid	autoantibodies	 from	blood	samples	 (Fahie‐Wilson	and	Smith,	2013;	
Despres	 and	 Grant,	 1998).	 The	 precipitation	with	 PEGs	 and	 ammonium	 sulfate	
has	been	shown	to	clear	near	all	Igs	from	the	sample,	but	it	can	also	abolish	and	
irreversibly	 denature	 clinically	 important	 proteins	 (Bolstad	 et	 al.,	 2013).	 All	
sample	proteins	can	also	be	precipitated	with	ethanol	(Levine	et	al.,	1990)	as	well	
as	 with	 trichloroacetic	 acid,	 which	 has	 been	 used	 in	 eliminating	 heterophilic	
interference	in	digoxin	assays	(Liendo	et	al.,	1996).	
2.4.3.2 Affinity	extraction	




IgG	 subclasses,	 when	 protein	 A	 is	 known	 to	 bind	 to	 only	 three	 of	 the	 four	
subclasses.	 A	 case	 study	 by	 Lippi	 et	al.	 (2013a)	 demonstrated	 that	 by	 applying	
affinity	 extraction	 with	 protein	 A,	 a	 false	 positive	 troponin	 level	 caused	 by	
heterophilic	antibodies	could	be	decreased	from	7.9	μg/L	to	<0.2	μg/L.	In	another	
study,	 the	 immunodepletion	 of	 sample	 IgGs	 with	 protein	 G	 affinity	
chromatography	 decreased	 the	measured	 falsely	 elevated	 TSH	 value	 from	 25.2	
mIU	to	2.7	mIU	(Ross	et	al.,	2008).	Protein‐L	has	higher	affinity	against	IgM	than	






interference.	 One	 of	 these	 is	 size‐exclusion	 (Liendo	 et	 al.,	 1996),	 which	 usually	
requires	 relatively	 high	 sample	 volumes.	 The	 use	 of	 size‐exclusion	 is	 also	
restricted	 because	 the	 analyte	 is	 usually	 highly	 diluted	 during	 the	 process	
(Bolstad	et	al.,	2013).	Heating	a	sample	at	90°C	(Primus	et	al.,	1988),	and	sample	





The	 most	 commonly	 utilized	 way	 of	 decreasing	 assay	 interferences	 is	 to	 use	
specific	 blocking	 agents	 as	 part	 of	 the	 assay	 buffers.	 There	 are	 several	 specific	
requirements	the	employed	blockers	should	meet.	The	blocker	substance	should:	
1)	inhibit	the	nonspecific	binding	of	the	assay	components	to	the	assay	surface;	2)	




can	be	used	 to	decrease	undesirable	protein‐protein	 interactions	 (Wakayama	et	
al.,	 2008;	Kenna	 et	al.,	 1985).	 An	 addition	 of	 excess	 nonspecific	 Igs,	 e.g.,	 bovine	
gamma	 globulin	 (BGG)	 has	 been	 proven	 to	 decrease	 the	 interactions	 between	
assay	antibodies	and	 interfering	 factors	(Hunter	and	Budd,	1980;	Frengen	et	al.,	
1994).	To	minimize	interferences	from	heterophilic	and	similar	antibodies	with	a	
specificity	 to	assay	antibodies,	polyclonal	 IgGs	 from	the	antibody	source	species	
should	be	applied	directly	or	as	a	part	of	serum	preparation	(Prince	et	al.,	1973;	
Boscato	 and	 Stuart,	 1986;	 Boerman	 et	 al.,	 1990).	 As	 the	 most	 commonly	 used	
assay	 antibodies	 are	 of	murine	 origin,	 the	 addition	 of	 free	 polyclonal	mIgGs	 in	
native	or	denatured	form	has	been	used	to	decrease	interferences	associated	with	
heterophilic‐type	interferences	specific	to	mouse	antibodies	(Boscato	and	Stuart,	
1988;	 Primus	 et	 al.,	 1988).	 The	 effects	 of	 these	 polyclonal	 mIgG	 preparations	
originating	 in	 a	 number	 of	 different	 animals	 are	 based	 on	 the	 fact	 that	 they	
contain	 all	 possibly	 cross‐reactive	 allotypic	 and	 idiotypic	 epitopes	 of	 mIgG	
(Vaidya	and	Beatty,	1992;	Reinsberg,	1996).	
Denatured	 antibodies	 have	 proven	 to	 be	 more	 potent	 as	 blockers	 than	 native	
antibodies	(Bjerner	et	al.,	2002).	One	plausible	reason	for	this	is	that	aggregated	
antibodies	 are	 more	 prone	 to	 form	 stable	 and	 intricate	 complexes	 with	 the	
interfering	 antibodies.	 When	 aggregated,	 several	 potent	 parts	 are	 in	 close	
proximity,	thus	providing	a	more	alluring	target	for	the	interfering	antibodies	to	
bind	to	(Bolstad	et	al.,	2013).		
Several	 different	 specific	 blocking	 reagents	 with	 distinct	 specificities	 and	
structures	 are	 commercially	 available	 (Table	 2).	 The	 advantage	 of	 specific	
antibodies	 is	 that	 they	 are	 high‐affinity	 antibodies	 (109	 L/mol	 vs.	 106	 L/mol	







































































with	 the	 addition	 of	 non‐immune	 mIgG,	 but	 showed	 normal	 values	 with	 the	
addition	of	MAK33.	In	a	study	by	Bjerner	et	al.	(2002)	immunoassay	interference	
was	 observed	 to	 be	 4%,	 but	 when	 heat‐treated	 MAK33	 was	 applied,	 the	
interference	incidence	dropped	to	0.86%.		
Both	 IIR	 and	 HBR	 have	 shown	 to	 be	 specific	 blocking	 agents	 in	 HAMA	




that	 HAMA	 is	 usually	 directed	 against	 the	 allotypic	 and	 cross‐reactive	 idiotypic	
antibody	 determinants,	 thus	 preventing	 the	 blocking	 effect	 of	 reagents	 such	 as	
MAK33	designed	to	block	unspecific	heterophilic	interferences.	(Reinsberg,	1998)	
However,	 both	 IIR	 and	MAK33	 have	 also	 proven	 their	 utility	 in	 blocking	 other	





6.2%	 (Kuroki	 et	 al.,	 1995).	 In	 another	 study,	 the	 addition	 of	 IIR	 decreased	 the	
interference	 in	 serum	samples	 from	28%	 to	0%	and	12%	 to	0%	 in	 rheumatoid	
arthritis	 and	 osteoarthritis	 patients,	 respectively	 (DeForge	 et	 al.,	 2010).	 An	
alternative	to	HBR	is	the	use	of	Heterophilic	Blocking	Tubes	(HBTs).	 It	has	been	




diluent	 yielded	 effects	 comparable	 to	 immunoglobulin	 depletion	 by	 protein	 L‐
sepharose	 precipitation	 (Hueber	 et	 al.,	 2007).	 The	 use	 of	 Super	 Chemiblok	 has	
mostly	 been	 restricted	 to	 multiplex	 bead‐based	 fluorescent	 immunoassays	
(Luminex	 technology),	 where	 it	 has	 been	 noted	 that	 the	 incubation	 of	 sample	






reduced	non‐specific	binding	and	more	accurate	 recovery	 rates	of	 cytokines,	when	
using	the	protein	L‐sepharose	in	a	combination	with	10%	rodent	serum	as	a	blocker.	
This	combination	treatment	resulted	in	89%	depletion	of	plasma	IgM	RFs.	
When	a	 false	positive	result	 is	obtained	 that	does	not	correlate	with	 the	clinical	
picture	 of	 the	 patient,	 the	 recommended	 procedures	 include	 linearity	 studies,	
recovery	 experiments,	 and	 sample	 treatment	 with	 HBTs,	 or	 an	 addition	 of	
blocking	 reagents	 with	 re‐measuring	 the	 sample	 with	 an	 alternate	 assay	
(Sturgeon	and	Viljoen,	2011;	Ismail,	2007).	As	the	rate	of	assay	interference	varies	
greatly	 between	 different	 assay	 types	 and	 analytes,	 the	 comparison	 of	 a	 set	 of	
different	 blockers	 is	 often	 impossible	 (Marks,	 2002).	 The	 fact	 that	 commercial	
assays	contain	certain	blockers,	cuts	back	the	interference	problem	but	does	not	
totally	 abolish	 it:	 when	 21,000	 samples	were	 screened	with	 routine	 testing	 for	
thyroid	 function,	 7	 patients	 (0.03%)	 showed	 falsely	 increased	 analyte	 values	
(Ward	et	al.,	1997).	It	has	also	been	reported	that	not	all	blocking	agents	reduce	
interferences	as	expected,	and	sometimes	they	can	even	increase	falsely	elevated	
analyte	 values	 with	 certain	 assays	 (Koshida	 et	 al.,	 2010;	 van	 Gageldonk	 et	 al.,	
2011).	Different	screening	techniques	have	also	been	tested,	but	their	use	 is	not	
currently	warranted	(Emerson	et	al.,	2003).	It	has	been	proposed	that	in	samples	
with	 a	 high	 likelihood	of	 false	 positives	 (e.g.,	 tumor	markers)	 it	would	be	more	
cost‐efficient	 to	 add	 a	 blocker	 to	 all	 tests	 rather	 than	 re‐measure	 all	 positive	
results	(Bjerner	et	al.,	2012).	As	different	types	of	immunoassay	interferences	are	
regularly	encountered	in	the	clinical	laboratories,	different	and	novel	approaches	
eliminating	 them	 should	 be	 thoroughly	 studied.	 It	 is	 also	 important	 to	





The	 overall	 aim	 of	 this	 thesis	 was	 to	 develop	 sensitive,	 fast,	 and	 minimally	
interference‐prone	immunoassays	for	cTnI	that	could	be	utilized	in	POCT	settings.	
For	this	purpose	intrinsically	fluorescent	Eu‐doped	nanoparticles	were	employed	









II	 To	 study	 the	 effects	 that	 different	 antibody	 molecular	 forms	 have	 on	
matrix‐related	interferences	in	a	cTnI	research	immunoassay.	
III	 To	present	a	novel	heterogeneous	research	immunoassay	for	cTnI	and	to	
emphasize	 the	 effects	 the	 removal	 of	 antibody	 Fc‐region	 and	
chimerization	 of	 Fab‐fragment	 have	 on	 matrix‐related	 interferences	 in	
samples	containing	known	amounts	of	possibly	interfering	substances.	
IV	 To	evaluate	the	skTnI	cross‐reactivity	of	four	different	cTnI	antibodies	in	







A	 summary	 of	 materials	 and	 methods	 is	 described	 here.	 More	 detailed	
information	can	be	found	in	the	original	publications	(I–IV).		
4.1 Samples	
The	 summary	 of	 sample	 panels	 used	 in	 the	 study	 is	 described	 in	Table	 3.	 All	
samples	were	collected	according	to	normal	laboratory	routines	and	were	stored	
at	 ‐20°C	 for	 short‐term	 preservation	 or	 at	 ‐70°C	 for	 long‐term	 preservation.	
Informed	 consent	 was	 obtained	 from	 all	 participants	 and	 the	 study	 protocols	




were	 frozen	 and	 shipped	 to	 the	 University	 of	 Turku	 without	 any	 identification	
labels	or	final	diagnoses.	Routine	in‐house	plasma	samples	that	were	collected	at	
the	University	 of	 Turku,	 Department	 of	 Biotechnology	 (UTU/BT)	were	 used	 for	
the	optimization	process	of	the	immunoassays,	as	well	as	for	assessing	the	matrix‐
related	 interferences	 of	 the	 different	 assay	 versions	 (II‒IV).	 All	 the	 normal	
















































The	 antibodies	 used	 in	 the	 studies	 are	 listed	 in	 Table	 4.	 According	 to	 the	
manufacturer,	 Mab‐FDP14	 recognizes	 the	 degraded	 forms	 of	 human	 fibrin	 and	
fibrinogen,	but	not	intact	fibrin	and	fibrinogen,	and	F(ab’)2‐8D3	recognizes	the	D‐










19C7	 cTnI Mab 41‒49 HyTest Ltd.
(Turku,	Finland)	
II‒IV	













625	 cTnI Mab 169‒178 HyTest Ltd. IV	
MF4	 cTnI Fab 190‒196 HyTest Ltd. IV	
11N11	 cTnI cFab 160‒179 UTU/BT III	
FDP14	 D‐dimer Mab ‐ Biokit (Barcelona,
Spain)	
I	







cell	 lines	 of	 the	 corresponding	 Mabs	 at	 the	 Department	 of	 Biotechnology,	
University	 of	 Turku.	 The	 cFab‐11N11	 used	 was	 developed	 at	 the	 University	 of	
Turku	 Biotechnology	 department.	 Both	 cFab‐11N11	 and	 cFab‐9707	 were	
modified	as	mouse/human	chimeric	antibody	fragments	by	replacing	the	constant	
parts	 of	 the	 light	 and	 heavy	 chains	 originating	 from	 mouse	 with	 the	
corresponding	 human	 antibody	 sequences.	 Unlike	 cFab‐11N11,	 Fab/cFab‐9707	
and	 Fab‐MF4	 were	 designed	 to	 contain	 an	 unpaired	 cysteine	 residue	 in	 the	 C‐






D‐dimer	 is	 a	 degradation	 product	 of	 fibrin	 that	 is	 liberated	 into	 circulation	 in	
certain	pathological	 conditions,	e.g.,	 venous	 thromboembolism	(VTE),	which	can	
be	classified	as	deep	vein	thrombosis	and	pulmonary	embolism	(Bounameaux	et	
al.,	 2010).	 D‐dimer	 is	 a	 term	 used	 for	 several	 cross‐linked	 fibrin	 degradation	
products	(FDPs)	of	various	sizes,	all	containing	the	D‐dimer	epitope.	The	sizes	of	
the	FDPs	vary	from	200	kDa	of	free	D‐dimer	fragment	to	over	2300	kDa	(Walker	
and	 Nesheim,	 1999).	 Although	 present	 in	 VTE,	 D‐dimer	 is	 not	 VTE	 specific;	
slightly	elevated	D‐dimer	levels	can	also	be	measured	in	several	different	illnesses	
and	medical	 conditions,	 including	 infections,	 traumas,	 collagen	and	autoimmune	
diseases,	 atherosclerosis,	 and	 even	 in	 uncomplicated	 pregnancies	 in	 healthy	
women	(Eichinger,	2005;	Adam	et	al.,	2009).	This	increase	in	the	baseline	level	of	
D‐dimer	may	be	due	to	a	condition	in	which	a	formation	of	 fibrin	occurs,	but	no	
evident	 thrombus	 is	 formed	 (Brenner	 et	 al.,	 1990).	 Nonetheless,	 the	 risk	 for	
thrombosis	 is	 increased	 in	many	cases	 (Heit	et	al.,	2001;	 Isma	et	al.,	2009).	The	
widely	used	clinical	 cut‐off	 level	of	D‐dimer	 is	500	ng/mL	 fibrinogen	equivalent	
units	(FEU)	(Bounameaux	et	al.,	2010).	
The	D‐dimer	calibration	material	was	purchased	from	Biokit,	and	was	obtained	as	




Human	 cTn	 (native,	 tissue	 derived,	 cTnI‐cTnT‐TnC	 complex)	 and	 native	 skTnI	
were	purchased	from	HyTest	Ltd.	The	skTnI	was	originally	diluted	with	urea/Tris	
buffer,	 pH	 7.5	 (7	 mol/L	 urea,	 5	 mmol/L	 ethylenediaminetetraacetic	 acid,	 15	





microtitration	 wells	 (Kaivogen	 Oy,	 Turku,	 Finland).	 In	 this	 study,	 two	




Red,	 Kaivogen	 Oy)	 and	 microtitration	 wells	 were	 washed	 with	 Kaivogen	 wash	
solution	 (Kaivogen	Oy).	 In	 study	 I,	 particles	were	diluted	with	particle	buffer	A,	
which	consisted	of	assay	buffer	supplemented	with	0.1	g/L	native	mIgG	and	0.05	
g/L	 denatured	 mIgG.	 In	 all	 the	 versions	 of	 the	 cTnI	 research	 assay	 (no	
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preincubation	 step,	 II–IV)	 the	 particles	 were	 diluted	 with	 particle	 buffer	 B	
containing:	37.5	mmol/L	Tris,	pH	7.75,	500	mmol/L	NaCl,	0.4	g/L	NaN3,	0.6	g/L	
BGG,	 25	 g/L	 BSA,	 50	 g/L	 D‐trehalose,	 0.8	 g/L	 native	mIgG,	 0.05	 g/L	 denatured	
mIgG,	 2	 g/L	 casein,	 and	 37.5	 IU/mL	 heparin,	 modified	 from	 (von	 Lode	 et	 al.,	







and	 EDC‐chemistries	 at	 +23	 °C	 and	 under	 vigorous	 shaking	 were	 used	 in	 all	
particle	coatings.	
The	107	nm	particles	(e.g.,	1.5	x	1012	units)	were	washed	with	a	phosphate	buffer	
(10	mmol/L,	 pH	 7.0)	 using	microfiltration	 centrifugal	 devices	 (300	 kDa	 cut‐off,	
Pall,	MA),	and	they	were	activated	for	15	minutes	with	10	mmol/L	sulfo‐NHS	and	
0.75	mmol/L	 EDC.	 The	 covalent	 coupling	 of	 detection	 antibodies	 (Mab‐9707,	 I;	
Mab‐817,	I,	II,	and	IV;	Mab‐FDP14,	I;	F(ab’)2‐8D3,	I;	MAb‐625,	IV)	was	performed	




10	 mmol/L	 Tris,	 0.5	 g/L	 NaN3,	 pH	 8.5).	 For	 particle	 storage,	 the	 buffer	 was	
supplemented	with	2	g/L	BSA.	




and	 1.5	 mmol/L	 EDC.	 Then,	 cFab‐11N11	 (0.5	 g/L)	 was	 let	 to	 adsorb	 to	 the	
activated	 particles	 for	 30	 minutes	 (20	 mM	 MES,	 100	 mmol/l	 NaCl,	 pH	 6.0.).	
After	the	30‐minute	adsorption,	the	covalent	coupling	of	the	activated	particles	
and	 cFab‐11N11	was	 generated	by	 increasing	 the	 reaction	pH	 to	 8.0	with	1M	




NaN3,	 pH	 7.8).	 For	 particle	 storage,	 the	 buffer	 was	 supplemented	with	 2	 g/L	
BSA.	
Before	the	first	instance	of	use,	the	particle	solutions	were	mixed	and	sonicated.	
After	 that,	 the	 solutions	 were	 centrifuged	 to	 remove	 noncolloidal	 aggregates	
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(350	 x	 g,	 5	min).	 The	particle	 concentrations	were	determined	by	diluting	 the	






Mab‐FDP14	 and	 F(ab’)2‐8D3	 (I)	 were	 biotinylated	 to	 free	 NH2‐groups	 with	 EZ‐
Link®	NHS‐Chromogenic‐Biotin	 (Thermo	Scientific,	Waltham,	MA,	United	States)	
for	60	minutes	at	+23	°C	while	protected	from	light.	Mab‐FDP14	(1.0	mg/mL)	was	
biotinylated	 in	 50	 mmol/L	 Na2CO3/NaHCO3	 –buffer	 supplemented	 with	 150	
mmol/l	NaCl	(pH	9.6)	with	a	10‐fold	molar	excess	of	the	labeling	reagent,	whereas	
F(ab’)2‐8D3	(1.0	mg/mL)	was	biotinylated	 in	100	mmol/L	phosphate	buffer	(pH	
7.2)	 supplemented	 with	 150	 mmol/L	 NaCl	 with	 a	 5‐fold	 molar	 excess	 of	 the	
labeling	reagent.		
Mab‐19C7	(1.5	mg/mL,	II–IV)	and	Mab‐9707	(0.6	mg/mL,	I–II)	were	biotinylated	
to	 free	 NH2‐groups	 with	 a	 10‐fold,	 Mab‐8I7	 (1.4	 mg/mL,	 I)	 with	 20‐fold,	 and	
F(ab’)2‐9707	(0.9	mg/mL,	II)	with	a	30‐fold	molar	excess	of	biotin	isothiocyanate	
(University	of	Turku,	Turku,	Finland)	(Eriksson	et	al.,	2003).	Recombinant	mouse	
antibody	 fragments	 Fab‐9707	 (II)	 and	 Fab‐MF4	 (IV)	 were	 biotinylated	 site‐
specifically	 to	 C‐terminal	 free	 cysteine	 as	 a	 part	 of	 their	 production	 and	
purification	 process	 with	 EZ‐Link®	 Maleimide‐PEG2‐Biotin	 (Thermo	 Scientific)	
(Ylikotila	et	al.,	2006).		
After	the	biotinylation	reactions,	all	the	antibodies	were	purified	twice	with	NAP	






immunoassay	 format.	 In	 publication	 I,	 an	 additional	 preincubation	 step	 was	
employed	 in	 order	 to	 simulate	 simple	 microfluidic	 chip	 processing,	 where	 the	
sample	and	detection	antibodies	are	introduced	prior	to	transferring	them	to	the	
solid‐phase	surface.	The	assays	utilized	antibody	pairs	Mab‐FDP14	‒	F(ab’)2‐8D3	
(D‐dimer)	 and	MAb‐9707	‒	Mab‐8I7	 (cTnI)	 so	 that	 both	 antibodies	 in	 the	pairs	
were	tested	as	solid‐phase	and	detection	antibodies.	





48	 µl	 of	 particle	 buffer	 A	 along	with	 0–25	 µg/mL	 free	 solid‐phase	 or	 detection	
antibodies	 to	 BSA‐coated	 wells.	 After	 a	 preincubation	 of	 30	 seconds	 (+23	 °C,	
shaking	at	900	rpm),	50	µl	of	the	solution	was	transferred	to	a	fresh	solid‐phase	
surface.	
The	 solid‐phase	 surface	 was	 constructed	 on	 streptavidin‐coated	 wells	 by	
incubating	120	ng	of	biotinylated	solid‐phase	antibody	Mab‐FDP14,	F(ab’)2‐8D3,	
Mab‐9707,	or	Mab‐8I7	in	60	µL	of	assay	buffer	at	+23°C	with	shaking	at	900	rpm	
for	 60	 minutes.	 After	 the	 bio‐incubation,	 the	 wells	 were	 washed	 with	 wash	
solution	 and	 the	 preincubated	 sample‐particle	 solution	 was	 added	 into	 the	
wells.		
The	 assay	wells	were	 incubated	 for	 either	5‐	 or	15‐minutes	 (+23	 °C,	 shaking	 at	
900	rpm)	before	washing	with	wash	solution	and	a	direct	surface	measurement	of	
the	long	life‐time	fluorescence	of	the	nanoparticles	with	Victor™	1420	Multilabel	
Counter.	 The	 15‐minute	 assay	 incubation	 was	 employed	 only	 in	 method	
comparison.	 The	 basic	 principle	 of	 the	 developed	 two‐site	 immunoassay	 with	
preincubation	can	be	seen	in	Figure	7.		
	
Figure	 7.	 The	 basic	 principle	 of	 an	 immunoassay	 with	 a	 preincubation	 step	 used	 for	
immunoassay	dynamic	range	extension	(I).	A	D‐dimer	assay	using	Mab‐FDP14	as	the	solid‐phase	





All	 the	 different	 cTnI	 assay	 versions	 used	 in	 the	 original	 publications	 II–IV	
employed	 identical	 antibody	 configuration	 and	 assay	 epitopes	 as	 evidenced	 by	
peptide	 mapping.	 The	 assay	 epitopes	 were	 designed	 to	 employ	 an	 antibody	
configuration,	where	inhibiting	effects	of	circulating	autoantibodies	mainly	bound	
to	 the	 central	 part	 of	 cTnI	 (amino	 acid	 residues	 30–110)	 would	 be	 minimal	








All	 the	assays	were	performed	so	 that	 fixed	amounts	of	biotinylated	solid‐phase	





the	wells	were	washed	with	wash	 solution	 and	 time‐resolved	 fluorescence	was	
measured	from	the	assay	wells	as	described	in	section	4.4.1.		
The	 different	 versions	 of	 the	 cTnI	 assays	 developed	 during	 the	 study	 were	

























Assay	 sensitivities	 were	 assessed	 from	 the	 dose‐response	 curves	 and	 were	
calculated	 either	 as	 the	 concentration	 deviating	 three	 standard	 deviations	 from	
background	 signal	 (analytical	 detection	 limit;	 II,	 IV),	 or	by	 calculating	 the	 assay	
limit	of	blank	 (LoB;	 I,	 III),	 limit	of	detection	 (LoD;	 III),	 and	 limit	of	quantitation	
(LoQ;	 III)	 according	 to	 the	 Clinical	 and	 Laboratory	 Standards	 Institute	 (CLSI)	
Guidelines	EP17‐A2	(Clinical	and	Laboratory	Standards	 Institute,	2012).	Within‐





in	 a	 similar	manner,	 but	 by	 using	 serum	 samples	 and	 skTnI	 (IV).	 The	 recovery	
percentages	were	 calculated	 as	 the	 increase	 in	 cTnI	 concentration	 compared	 to	
the	expected	increase,	and	the	percentual	cross‐reactivities	were	calculated	as	the	
observed	 skTnI‐signal	 converted	 to	 cTnI	 concentration	 and	 compared	 to	 the	
added	 skTnI	 concentration.	 Assay	 linearity	 was	 assessed	 by	 diluting	 patient	





Samples	 described	 in	 section	 4.1	were	 used	 for	methodological	 comparisons	 to	
commercial	 assays.	 For	 D‐dimer	 the	 comparison	 assay	 was	 quantitative	
immunoturbidimetric	latex	agglutination	STA	Liatest	D‐dimer	‐assay	(Diagnostica	
Stago,	 NJ,	 United	 States)	 (Waser	 et	 al.,	 2005).	 For	 the	method	 comparison,	 the	
developed	D‐dimer	assay	was	performed	with	a	15‐minute	 incubation	(I).	Assay	
version	 5	 for	 cTnI	 utilizing	 chimeric	 antibody	 fragments	 was	 compared	 to	
Siemens	ADVIA	Centaur®	TnI‐Ultra™	assay	(Casals	et	al.,	2007)	(III).		
4.5.3 Assay	interferences	(II–IV)		





known	 amounts	 of	 triglycerides,	 bilirubin,	 RFs,	 or	 HAMA,	 and	 the	 results	 were	
then	compared	to	those	of	the	previously	published	version	2	of	the	same	assay	
(Järvenpää	et	al.,	2012)	(III).	The	effect	of	antibody	selection	on	assay	specificity	
was	 evaluated	 by	 comparing	 the	 calculated	 cross‐reactivity	 values	 of	 four	
different	assay	versions	(6‒9)	employing	different	assay	antibodies,	sold	as	cTnI‐
specific,	 without	 changing	 the	 assay	 epitope	 specificity	 determined	 by	 peptide	
mapping.	Also,	a	clinical	sample	panel	was	measured	with	the	four	different	assay	
versions.	 Clinical	 samples	 that	 were	 observed	 to	 have	 a	 deviating	 assay	 result	
with	 the	 assay	 version	 6	were	 further	measured	with	 an	 unpublished	 research	
assay	for	skTnI	(IV).		
4.5.4 Statistical	analyses	(I–IV)	
Statistical	 analyses	 were	 conducted	 using	 SAS	 Enterprise	 guide	 3.0	 and	 SAS	
software	version	9.1	(SAS	Institute;	NC,	USA)	(II)	and	IBM	SPSS	statistics	21	(SPSS	
Inc.,	Chicago,	IL)	(I,	III,	IV).	The	two‐tailed	P‐values	<0.05	were	considered	to	be	
statistically	 significant.	 Correlations	 between	 the	 different	 assays	 were	 studied	
with	 Spearman’s	 rank	 correlation	 (I–IV).	 In	 the	method	 comparison,	 Passing	 &	
Bablok	or	weighted	Deming	regression	parameters	were	calculated	with	Analyze‐
it	 software	 (versions	 2.30	 (I,III)	 or	 3.71.1	 (IV),	 Analyze‐it	 Software	 Ltd.,	 Leeds,	
United	Kingdom).	Linear	regression	parameters	were	calculated	with	Origin	Data	













to	 extending	 immunoassay	 dynamic	 range	 were	 applied	 by	 using	 D‐dimer	 and	
cTnI	 as	model	 analytes.	 The	ultimate	 goal	was	 to	 develop	 assays	 that	would	be	
applicable	 to	 POCT.	 Therefore,	 in	 order	 to	 simulate	 simple	 microfluidic	 chip	
processing	 where	 the	 sample	 and	 detection	 antibodies	 are	 combined	 prior	 to	
their	 introduction	 to	 a	 solid‐phase	 surface,	 a	 30‐second	 preincubation	 of	 the	
sample	and	particle	solution	was	analyzed.	
The	desensitization	process	was	 analyzed	 so	 that	 the	D‐dimer	and	 cTnI‐specific	
antibodies	(Mab‐FDP14,	F(ab’)2‐8D3,	Mab‐9707,	or	Mab‐8I7)	were	tested	both	as	
the	solid‐phase	and	detection	antibodies.	The	effect	of	antibody	configuration	and	
the	 addition	 of	 free	 antibody	 on	 the	 upper	 limit	 of	 assay	 dynamic	 range,	

















Table	6.	The	 calculated	 LoBs	 and	 dynamic	 ranges	 of	 the	 different	 assay	 versions	with	 5‐minute	


































of	 free	Mab‐FDP14	caused	a	200‐fold	 increase	 in	the	upper	 limit	of	 the	dynamic	
range	from	50	ng/mL	to	10,000	ng/mL	(F(ab’)2‐8D3/Mab‐FDP14‐configuration),	










To	 test	 the	 performance	 of	 the	D‐dimer	 immunoassay	with	Mab‐FDP14	 as	 the	
solid‐phase	and	F(ab')2‐8D3	as	the	detection	antibody	(with	1	µg/mL	free	Mab‐
FDP14,	Table	6),	 the	assay	was	run	with	15‐minute	 incubation	and	the	results	











Altman	analysis	of	agreement.	The	mean	difference	of	 the	 two	assays	 (170%)	 is	presented	with	a	





To	 test	 the	 effect	 of	 an	 antibody	 molecular	 form	 on	 the	 measured	 cTnI‐levels,	
assay	 versions	 1‒4	 were	 compared.	 The	 utilization	 of	 different	 antibody	
fragments	 did	 not	 significantly	 affect	 the	 assay	 signal	 level	 or	 its	 analytical	
sensitivity	(Figure	10).	The	calculated	analytical	sensitivities	(background	+	3SD)	
were:	assay	version	1	 (Mab)	=	0.90	ng/L;	assay	version	2	 (F(ab’)2)	=	0.91	ng/L;	
assay	 version	3	 (Fab)	 =	 0.69	ng/L;	 and	 assay	 version	4	 (cFAb)	 =	 0.41	 ng/L.	All	
assays	were	linear	up	to	10,000	ng/L,	and	no	high‐dose	hook	was	observed	even	
when	1,000,000	ng/L	cTnI	was	measured.		




































To	 possibly	 further	 decrease	 different	 matrix‐related	 interferences	 of	 the	 cTnI	
research	assay,	the	detection	antibody	8I7	was	replaced	with	a	cFab‐11N11	in	assay	





Figure	 11.	 A	 typical	 dose‐response	 curve	 of	 the	 assay	 version	 5.	 The	 error	 bars	 represent	 the	
standard	deviation	from	replicate	wells.	The	dotted	lines	represent	the	calculated	LoB	(1.35	ng/L)	
and	LoD	(3.30	ng/L)	of	the	assay.	Modified	from	(III).	







 Assay version 1: y = 202.4x; R2 = 0.998
 Assay version 2: y = 162.2x; R2 = 0.999
 Assay version 3: y = 55.2x; R2 = 0.986









































varied	 between	 31%	 and	 78%	 (average	 53%,	 median	 57%).	 The	 sample	
background	was	measured	without	added	cTnI.	Out	of	the	64	samples	measured,	




of	 the	 samples	 were:	 22,262	 ng/L;	 14,540	 ng/L;	 10,145	 ng/L;	 2327	 ng/L;	 979	
ng/L;	 and	 718	 ng/L.	 The	 assay	 showed	 good	 linearity	 (R2=0.929‒0.993)	
throughout	 the	measured	range	 (2.2	ng/L–22,261	ng/L)	as	 seen	 in	Figure	12A.	
The	within‐run	and	within‐laboratory	precisions	determined	by	spiking	a	pool	of	
cTnI	 negative	 plasma	 samples	 (UTU/BT)	 with	 endogenous	 cTnI	 obtained	 from	
patient	 samples	 can	 be	 seen	 in	 Figure	 12B.	 The	 measured	 mean	 cTnI	
concentrations	(twice	a	day	for	20	days)	were:	29	ng/L,	37	ng/L,	and	2819	ng/L	
and	the	corresponding	within‐run	imprecisions	were	8.5%,	8.4%,	and	7.5%.	The	




Figure	 12.	 A)	 Linearity	 of	 the	 assay	 version	 5	 assessed	 with	 serial	 dilution	 (1–243‐fold)	 of	 six	
clinical	 heparin	 plasma	 samples.	 B)	 Within‐laboratory	 precision	 of	 the	 assay	 version	 5,	 and	 the	

















































the	 assay	 version	 5,	 and	 these	 were	 excluded	 from	 the	 method	 comparison	
analysis	 (6–300	 ng/L;	 median,	 20	 ng/L).	 Passing	 &	 Pablok	 regression	 analysis	
yielded	a	slope	of	0.180	(95%	CI;	0.170–0.190)	and	a	y‐intercept	of	1.94	(95%	CI;	
‐1.28‒3.91)	 ng/L	 (Figure	 13A).	 The	 mean	 relative	 difference	 (95%	 limits	 of	
agreement)	 with	 Bland‐Altman	 agreement	 was	 136%	 (62.3%–202%)	 (Figure	
13B).	The	Spearman	correlation	coefficient	was	0.965	(P<0.001).	The	measured	
median	 concentrations	 of	 the	 Siemens	 reference	 assay	 and	 the	 assay	 version	 5	
were	 (25th–75th	 percentiles)	 1480	 ng/L	 (202	 ng/L;	 6640	 ng/L)	 and	 241	 ng/L	
(37.1	ng/L;	1290	ng/L),	respectively.	
	
Figure	 13.	 Method	 comparison.	 (A)	 Correlation	 between	 the	 cTnI	 assay	 version	 5	 and	 Siemens	
ADVIA	 Centaur®	 TnI‐Ultra™	 reference	 assay	 (n=248	 r=0.965).	 (B)	 Bland‐Altman	 analysis	 of	
agreement	 between	 the	 two	 assays.	 The	mean	 difference	 (136%)	 is	 presented	 with	 a	 horizontal	
solid	 line.	The	dashed	solid	 lines	represent	 the	95%	limits	of	agreement	(62.3%–202%).	Modified	
from	(III).		
5.2.3 Different	commercial	cTnI‐specific	antibodies	(IV)	
To	 test	 cTnI	 specificity,	 four	 different	 antibodies	 from	 three	 different	
manufacturers	were	 tested	 in	 the	research	assay	 for	cTnI,	so	 that	no	changes	 in	
the	antibody	configuration	and	epitope	specificity	were	made.	The	assay	versions	
6‒9	all	used	Mab‐19C7	as	the	first	solid‐phase	antibody.	With	the	combination	of	
either	 Mab‐8I7	 or	 Mab‐625	 attached	 to	 intrinsically	 fluorescent	 nanoparticles,	




dose	 hook	 was	 observed	 with	 500,000	 ng/L	 cTnI	 (Figure	 14).	 The	 calculated	
analytical	 sensitivities	 were:	 assay	 version	 6,	 1.25	 ng/L;	 assay	 version	 7,	 2.34	
ng/L;	assay	version	8,	1.82	ng/L;	and	assay	version	9,	3.84	ng/L.		












































Figure	 14.	 Dose‐response	 curves	 of	 the	 four	 research	 assays	 versions	 utilizing	 different	





apparent	 cTnI	 levels	 were	 assessed	 by	 measuring	 32	 plasma	 samples	 from	
apparently	healthy	reference	population	with	 the	assay	versions	1‒4.	Minimum,	
maximum,	median,	and	average	values	measured	with	cTnI	assays	exploiting	the	
different	molecular	 forms	 of	 antibody	 9707	 are	 presented	 in	Table	7.	 and	 as	 a	
box‐plot	 presentation	 in	 Figure	 15.	 Values	 measured	 with	 assay	 version	 1	
correlated	 poorly	 with	 assay	 versions	 2,	 3,	 and	 4:	 r=0.220,	 0.0300,	 and	 0.010	
(P<0.001),	 respectively.	 The	 corresponding	 linear	 regression	 equations	 were:	
y=0.02166x+3.0937;	 y=0.002340x+2.7939;	 and	 y=0.0008870x+2.4106.	 The	
Spearman	correlation	coefficients	for	assay	version	2	and	versions	3	and	4	were	
significantly	better	r=0.770	(assay	version	3)	and	r=0.780	(assay	version	4).	The	
corresponding	 linear	 regression	 equations	 were:	 y=0.6058x+0.7481	 and	













 Assay version 6: y = 202.4x; R2 = 0.998
 Assay version 7: y = 162.2x; R2 = 0.999
 Assay version 8: y = 55.2x; R2 = 0.986















Table	 7.	 The	 measured	 cTnI	 concentrations	 of	 32	 plasma	 samples	 from	 apparently	 healthy	
individuals	 analyzed	with	 the	 cTnI	 assay	 versions	 utilizing	 different	molecular	 forms	 of	 antibody	
9707.	Modified	from	(II).	
Assay	version	 Minimum (ng/L) Maximum (ng/L) Median (ng/L) Average	(ng/L)	
1			 2.64	 116	 7.28	 15.9	
2		 1.45	 11.1	 2.60	 3.44	
3	 1.10	 11.2	 2.51	 2.83	
4	 0.746	 10.6	 1.80	 2.42	
	
Statistical	 analysis	 of	 the	 cTnI	 values	 measured	 with	 the	 four	 different	 assay	
versions	showed	significant	differences	between	 the	 four	9707	molecular	 forms	
(P<0.001,	 Kruskal‐Wallis	 test).	 Mann‐Whitney	 test	 also	 showed	 statistical	
differences	between	assay	version	1	and	the	rest	of	the	tested	assay	versions	2‒4	
(P<0.001).	 The	 difference	 between	 assay	 versions	 2	 and	 3,	 as	 well	 as	 between	
versions	3	and	4	was	insignificant:	P=0.38	and	P=0.10,	respectively.	However,	the	
difference	 between	 assay	 versions	 2	 and	 4	 was	 observed	 to	 be	 statistically	
significant:	P=0.016	(Mann‐Whitney	test).	
	
Figure	15.	Box‐plot	presentation	of	 the	measured	cTnI	values	 (ng/L)	 from	32	apparently	healthy	
volunteers	measured	with	assay	versions	utilizing	different	molecular	forms	of	9707	antibody.	The	




The	effect	of	utilizing	 chimeric	antibody	 fragments	 (assay	version	5)	on	matrix‐
related	 interferences	 was	 assessed	 by	 comparing	 measured	 cTnI	 levels	 from	
samples	 containing	 known	 amounts	 of	 triglycerides,	 bilirubin,	 RF,	 or	 HAMA	 to	
values	measured	with	 a	 previously	 published	 assay	 version	 2	 (Järvenpää	 et	al.,	
2012).	The	results	from	the	two	assays	can	be	seen	in	Table	8.	















Table	 8.	 Comparison	 of	 plasma	 and	 serum	 samples	 containing	 known	 amounts	 of	 triglycerides,	













5.73	g/L	 Triglycerides <LoD <LoD	
18.16	g/L	 Triglycerides <LoD <LoD	
10.55	g/L	 Triglycerides <LoD <LoD	
10.95	g/L	 Triglycerides <LoD <LoD	
48.19	g/L	 Triglycerides 4.09 4.39	
13.42	g/L	 Triglycerides <LoD <LoD	
11.02	g/L	 Triglycerides <LoD <LoD	
11.59	g/L	 Triglycerides 6.30 3.27	
10.57	g/L	 Triglycerides <LoD <LoD	
8.88	g/L	 Triglycerides <LoD <LoD	
7.53	g/L	 Triglycerides 2.23 <LoD	
10.41	g/L	 Triglycerides 3.31 <LoD	
0.002	g/L	 Bilirubin	 13.6 5.34	
0.002	g/L	 Bilirubin	 <LoD <LoD	
0.05	g/L	 Bilirubin	 <LoD <LoD	
0.05	g/L	 Bilirubin	 <LoD <LoD	
0.11	g/L	 Bilirubin	 20.6 10.1	
0.10	g/L	 Bilirubin	 10.4 <LoD	
0.17	g/L	 Bilirubin	 4.75 <LoD	
0.14	g/L	 Bilirubin	 7.39 <LoD	
0.18	g/L	 Bilirubin	 7.64 3.92	
0.32	g/L	 Bilirubin	 3.64 <LoD	
0.32	g/L	 Bilirubin	 7.01 <LoD	
0.14	g/L	 Bilirubin	 26.7 10.7	
0.10	IU/L	 RF 6.3 <LoD	
0.10	IU/L	 RF <LoD <LoD	
0.03	IU/L		 RF <LoD <LoD	
0.34	IU/L	 RF <LoD <LoD	
0.34	IU/L	 RF 3.81 <LoD	
0.03	IU/L	 RF 2.12 <LoD	
1.06	IU/L	 RF 7.43 <LoD	
0.79	IU/L	 RF <LoD <LoD	
3.27	IU/L	 RF 241 <LoD	
1.00	IU/L	 RF 3.04 <LoD	
1.29	IU/L	 RF <LoD <LoD	
0.70	IU/L	 RF 2.92 <LoD	
0.30	g/L	 HAMA <LoD <LoD	
0.14	g/L	 HAMA <LoD <LoD	












Four	 different	 antibodies	 originally	 from	 three	 different	 manufacturers	 were	
tested	 as	 solid‐phase	 –	 detector	 pairs	 in	 four	 different	 combinations	 (assay	
versions	6‒9)	so	that	the	epitope	specificity	of	the	assay	was	retained.	A	total	of	
101	 samples	 were	 analyzed	 with	 all	 of	 the	 four	 different	 assay	 versions.	 The	
Deming	 regression	analyses	 for	 all	 six	different	 comparisons	with	95%	CIs,	 and	








Figure	16.	Clinical	 samples	 (n=101)	 tested	with	 four	different	assay	versions	6‒9.	Filled	 symbols	
represent	 samples	 that	 were	 observed	 to	 give	 unexpectedly	 high	 signals	 with	 assay	 version	 6.	
Dashed	lines	represent	the	lines	of	identity.	Modified	from	(IV).	
Out	 of	 the	 101	 heparin	 plasma	 samples	 tested,	 five	 were	 observed	 to	 give	
unexpectedly	high	values	with	assay	version	6,	but	were	corrected	with	the	other	
versions	(filled	symbols	in	Figure	16).	When	those	samples	were	tested	with	an	
investigational	 research	 immunoassay	 for	 skTnI	 (unpublished),	 they	 were	 all	
observed	to	contain	skTnI,	the	values	ranging	from	5500	ng/L	to	702,000	ng/L.		
y = -3.141 + 0.742 x
slope 95% CI: 0.669 ̶  0.819
y-int. 95% CI: -5.24 ̶  -1.04
r = 0.942
y = -1.97 + 0.729 x
slope 95% CI: 0.657 ̶  0.801
y-int. 95% CI: -4.14 ̶  0.188
r = 0.937
y = -4.01 + 0.698 x
slope 95% CI: 0.613 ̶  0.783
y-int. 95% CI: -7.27 ̶ -0.760
r = 0.929
y = 1.03 + 0.982 x
slope 95% CI: 0.922 ̶  1.04
y-int. 95% CI: -0.503 ̶ 2.56
r = 0.989
y = -1.59 + 0.923 x
slope 95% CI: 0.864 ̶  0.982
y-int. 95% CI: -3.56 ̶ 0.468
r = 0.991
y = - 2.65 + 0.940 x
slope 95% CI: 0.879 ̶  1.00
y-int. 95% CI: -4.58 ̶ 0.730
r = 0.993














































































































Table	9.	 Different	 spiked	 skTnI	 amounts	measured	 as	 falsely	 elevated	 cTnI	 with	 different	 assay	
versions	 utilizing	 antibodies	 originally	 from	 different	 commercial	 manufacturers.	 Modified	 from	
(IV).		
Assay	version: 6 7 8 9	
skTnI	 Measured	as	ng/L	cTnI	
5000	ng/L	 17	 10	 7	 10	
50,000	ng/L	 286	 77	 68	 65	








Assay	version 6 7 8 9	
cTnI	 skTnI	 Cross‐reactivity	
50	ng/L	 50,000	ng/L	 0.42%	 0.17%	 0.12%	 0.12%	
500,000	ng/L	 1.36%	 0.19%	 0.12%	 0.13%	
500	ng/L	 50,000	ng/L	 0.44%	 0.17%	 0.04%	 0.15%	










reason	 for	one	 false	assay	 result	 for	every	2000	assays	performed	(Levinson	and	
Miller,	2002).	Therefore,	interferences	are,	from	time	to	time,	also	observed	in	cTn	
diagnostics.	 Falsely	 elevated	 cTn	 levels	 emerging	 from	 heterophilic‐type	
interferences	have	been	reported	during	the	past	10	years	for	both	cTnT	and	cTnI	
in	multiple	assay	systems	 (Lum	et	al.,	 2006;	Bionda	et	al.,	2007;	Zhu	et	al.,	2008;	
Shayanfar	 et	al.,	 2008;	 Pernet	 et	al.,	 2008;	 Ghali	 et	al.,	 2012;	 Lippi	 et	al.,	 2013a).	





Eu	 nanoparticles	 have	 proven	 their	 utility	 in	 immunoassay	 approaches,	 where	
assay	 sensitivity	 is	 highly	 valued	 (Järvenpää	 et	 al.,	 2012;	 Valanne	 et	 al.,	 2005;	
Soukka	 et	 al.,	 2003).	 In	 original	 publication	 I,	 increasing	 the	 amount	 of	 free	







changing	 the	 antibody	 configuration.	 To	 further	 emphasize	 the	 importance	 of	
antibody	orientation	and	 the	addition	of	 free	antibodies,	a	number	of	 the	 tested	
assay	versions	would	have	been	clinically	useless	with	dynamic	ranges	well	below	
the	clinically	interesting	area	of	500	ng/mL	(FEU).	For	cTnI,	the	differences	were	
clearly	 less	 significant.	 Specific	 reports	 focusing	 on	 the	 extension	 of	 assay	
dynamic	 ranges	 are	 very	 limited.	 These	 include	 the	 use	 of	 specific	 molecular	
spacers	 and	 plasmonic	 structures	 enabling	 an	 increase	 of	 up	 to	 8	 orders	 of	
magnitude	 in	assay	dynamic	ranges,	when	compared	to	traditional	assays	(Zhou	
et	al.,	 2012).	 Also	 the	 application	 of	multiple	 antibodies	 possessing	 a	 variety	 of	
affinities	 (Ohmura	et	al.,	 2003)	 and	 the	use	 of	 immunosensors	with	 fluorescent	
labels	 (Renard	 and	 Bedouelle,	 2004)	 have	 been	 introduced.	 Traditionally,	 the	








functional	 binders	 usually	 offers	 an	 opportunity	 for	 wide	 dynamic	 ranges	








The	 current	 official	 recommendation	 of	 Clinical	 Chemistry	 and	 Laboratory	
Medicine	 for	 cTnI	 assays	 is	 that	 the	 utilized	 antibodies	 should	 target	 the	 stable	
midfragment	of	the	analyte	(Panteghini	et	al.,	2001).	It	has	been	reported,	though,	
that	approximately	10%	of	the	patients	with	chest	pain	have	cTnI	autoantibodies	
in	 their	 circulation,	 thus	 possibly	 resulting	 in	 falsely	 decreased	 cTnI	 values	










positive	 and	 negative	 samples	 can	 partly	 be	 explained	 with	 the	 avidity	 of	 the	
detection	 particles.	 By	 attaching	multiple	 detection	 antibodies	 to	 the	 surface	 of	
the	 nanoparticles,	 we	 are	 increasing	 the	 binding	 site	 density	 through	 avidity,	
which	has	been	shown	to	enhance	the	inherent	affinity	of	the	antibody	(Soukka	et	
al.,	 2001a).	 Thus,	 the	 high	 density	 of	 the	 antibody	 renders	 the	 assay	 more	
vulnerable	 to	 all	 matrix‐related	 analytical	 interferences,	 including	 those	 of	
circulating	autoantibodies.	It	has	also	been	shown	that	interference	from	cardiac	
autoantibodies	may	not	be	totally	prevented	even	by	using	a	cTnI	assay	designed	







employment	 of	 recombinant	 9707	 fragments,	 the	 amount	 of	 the	 second	 solid‐










In	 original	 publication	 III,	 an	 assay	 version	 5	 utilizing	 cFabs	 was	 introduced.	
Probably	due	to	the	fact	that	the	normal	samples	were	obtained	from	young	and	
apparently	 healthy	 individuals	 who	 are	 unlikely	 to	 present	 with	 increased	 cTn	
values	commonly	found	in	elderly	people	(Venge	et	al.,	2003;	Eggers	et	al.,	2013),	
only	 3	 (4.7%)	 of	 the	 64	 measured	 samples	 gave	 signals	 >LoD.	 Altogether,	 the	
measured	 cTnI	 concentrations	of	 assay	version	5	were	 substantially	 lower	 than	
those	measured	with	 the	commercial	 reference	assay	(Siemens	ADVIA	Centaur®	
TnI‐Ultra™):	the	mean	difference	was	136%.	Furthermore,	out	of	the	265	patient	
samples	 measured	 with	 the	 assay	 version	 5,	 17	 gave	 cTnI	 values	 <LoD.	 The	





in	 the	 utilized	 antibodies	 may	 explain	 the	 significantly	 different	 cTnI	 values	
measured	with	the	two	assays.	It	has	been	reported	that	both	antibody	affinities	
as	well	 as	 the	 utilized	 epitopes	 can	 affect	 the	measured	 signals	 even	when	 the	
assays	 are	 tested	 with	 the	 same	 calibration	 material	 (Savukoski	 et	 al.,	 2012).	
Therefore,	the	combination	of	used	calibration	material	and	different	antibodies	is	
the	most	 probable	 reason	 for	 the	 assay	bias	 and	 for	 the	17	 samples	with	 assay	
values	<LoD.	Another	 reason	may	be	 the	 fact	 that	by	 replacing	 two	of	 the	 three	




The	 basic	 quality	 requirements	 for	 the	 POCT	 of	 cTnI	 do	 not	 differ	 from	 other	
assays:	ideally,	POCT	assays	for	cTnI	should	meet	the	current	requirement	of	10%	
within‐laboratory	 precision	 recommended	 for	 cTnI‐assays	 at	 MI	 decision	 limit	
(Wu	 et	 al.,	 1999).	 Currently,	 there	 are	 nine	 POCT	 devices	 available	 for	 the	
detection	 of	 cTnI	 and	 cTnT	 that	 demonstrate	 considerable	 differences	 in	 their	
abilities	to	rule‐in	and	rule‐out	MI	(Palamalai	et	al.,	2013;	Amundson	and	Apple,	
2014).	The	cFab‐based	assay	version	5	was	conducted	manually	with	a	15‐minute	
assay	 incubation.	 Therefore,	 the	 assay	 signal	 was	 measured	 at	 a	 highly	 kinetic	
stage	(13–41%	of	maximum	signal),	 thus	significantly	hampering	 the	evaluation	
of	assay	LoQ	and	precision.	The	assay	was	not	able	to	meet	the	current	precision	
requirements,	 but	 applying	 the	 assay	 as	 a	 part	 of	 an	 automated	 assay	 system	
would	most	probably	facilitate	better	assay	precision	and	enable	hitting	the	10%	
LoQ	goal.	To	 reduce	 the	TAT,	 assays	 for	POCT	should	also	be	able	 to	use	whole	
Discussion	
61	
blood.	 However,	 in	 this	 study,	 citrate	 and	 heparin	 plasma	 as	 well	 as	 serum	
samples	were	 used,	 since	 all	 the	 assays	were	 performed	 in	 a	 simple	microtiter	
well	format.	Only	by	including	the	assays	in	a	fully	functional	POCT‐system,	would	
it	 be	 possible	 to	 fully	 evaluate	 the	 POCT	 applicability	 of	 the	 developed	
nanoparticle‐assisted	immunoassays.		
6.2 Matrix‐related	interferences	
Matrix‐related	 interferences	 were	 studied	 in	 original	 publications	 II‒IV.	
Traditionally,	 interferences	 in	cTnI	and	cTnT‐testing	have	not	been	considered	 to	
be	 a	 significant	 problem,	 but	 as	 the	 assay	 LoDs	 are	 decreasing	 with	 the	 new	
generation	of	high	sensitivity	assays,	the	need	to	re‐evaluate	the	issue	has	raised	its	
head	(Morrow	and	Antman,	2009).	The	exact	 incidence	of	 interferences	occurring	
in	cTn	assays	 is	unknown,	but	 it	 is	expected	to	be	higher	than	previously	thought	
(Zaidi	 and	 Cowell,	 2010).	 In	 a	 recent	 study,	 it	 was	 observed	 that	 1.01%	 of	 all	
measured	cTnI	values	were	 falsely	elevated	 (Li	et	al.,	2014).	 In	 studies	 II	 and	 III,	
mouse	 Mabs,	 mouse	 Fabs,	 and	 cFabs	 were	 utilized.	 As	 the	 assay	 interferences	
decrease	with	the	Fc‐region	removal	and	antibody	chimerization,	 the	next	step	 in	
reducing	 the	matrix‐related	 interferences	would	be	 the	humanization	of	 the	used	
cFabs	 by	 replacing	 the	 remaining	 mouse	 framework	 parts	 in	 the	 VH	 and	 VL	
sequences	with	the	corresponding	parts	of	human	origin	(Gonzales,	2003).		
As	 stated	 previously,	 the	 cTnI	 research	 assay	 configuration	 (II‒IV)	 is	 based	 on	
three	 antibodies:	 two	 solid‐phase	 antibodies	 and	 one	 detection	 antibody.	 This	
type	of	 three‐site	 immunoassay	 approach	have	been	 shown	 to	be	over	 twice	 as	
prone	 to	 heterophilic	 antibody	 interference	 as	 traditional	 two‐site	 assay	
approaches	(Zhu	et	al.,	2008).	One	of	the	cTnI	assay	solid‐phase	Mabs	represents	
subclass	IgG2	(19C7),	and	the	remaining	(9707,	8I7,	and	625)	belong	to	subclass	
IgG1,	 which	 have	 been	 found	 to	 be	 highly	 susceptible	 to	 heterophilic‐type	
interferences	 (Bjerner	 et	 al.,	 2005).	 Therefore,	 the	 interferences	 observed	 in	
original	 publication	 II,	 especially	 with	 assay	 version	 1,	 are	 probably	 stemming	




(Yeo	 et	al.,	 2000;	Uettwiller‐Geiger	 et	al.,	 2002;	Kim	 et	al.,	 2002;	 Fleming	 et	al.,	
2002;	 García‐Mancebo	 et	 al.,	 2005).	 Other	 causes	 than	 heterophilic	 and	 similar	
antibodies	 for	 possible	 spuriously	 increased	 cTnI	 values	 cannot	 be	 ignored,	 as	
falsely	elevated	cTn	values	have	also	been	connected	to	fibrin	and	to	the	presence	
of	microparticles	(Li	et	al.,	2014).		








high	 sensitivity	 assay.	 In	 publication	 II,	 assay	 versions	 2,	 3,	 and	 4	 had	median	
normal	 range	 values	 of	 2.60	 ng/L,	 2.51	 ng/L,	 and	 1.80	 ng/L,	 respectively.	 The	
corresponding	 minimum/maximum	 values	 were:	 assay	 version	 2,	 1.45/11.1;	
assay	version	3,	1.10/11.2	ng/L;	and	assay	version	4,	0.746/10.6	ng/L.	Even	the	
normal	values	above	the	assay	LoD	measured	with	the	version	5	of	the	research	
assay	 (5.74	 ng/L,	 7.20	 ng/L,	 and	 11.8	 ng/L)	 fall	 within	 the	 same	 range	 as	
published	for	other	research	assays	(III).	Nevertheless,	it	must	be	noted	that	due	
to	 differences	 in	 the	 used	 calibrators	 and	 antibodies,	 the	 measured	 values	
between	 different	 assays	 are	 not	 directly	 comparable	 from	 assay	 to	 assay	
(Christenson	et	al.,	2006).		
When	 assay	 versions	 2	 and	 5	 were	 compared	 with	 samples	 containing	 known	
amounts	 of	 triglycerides,	 bilirubin,	 RF,	 or	 HAMA,	 clear	 reductions	 in	 the	 cTnI	
levels	of	measured	 samples	were	observed	 (III).	However,	no	comparison	cTnI‐
value	was	available	for	these	samples,	so	it	cannot	be	concluded	that	the	samples	
were	 from	 apparently	 healthy	 persons	 with	 a	 low	 expectancy	 of	 measurable	
amounts	 of	 cTnI.	 The	 only	 difference	 between	 assay	 versions	 2	 and	 5	 was	 the	
removal	 of	 the	 Fc‐portion	 in	 two	 out	 of	 three	 antibodies	 used,	 and	 antibody	
chimerization.	 Thus,	 it	 can	 be	 concluded	 that	 the	majority	 of	 differences	 in	 the	






matrix‐related	 interferences.	 When	 possible	 interferences	 are	 found,	 the	
recommendation	 is	 that	 recovery	 and	 linearity	 studies	 be	 conducted	 to	 confirm	




none	 of	 the	 HAMA	 containing	 samples	 having	 a	 cTnI	 concentration	 >LoD	 with	
assay	 version	 2.	 This	means	 that	 the	 HAMAs	 present	 in	 the	 three	 samples	was	
most	probably	a	subtype	that	does	not	affect	the	antibodies	in	assay	versions	2	or	
5.	As	expected,	the	RF	interference	was	totally	eliminated	in	assay	version	5.	Also	
the	 samples	 containing	 bilirubin	 showed	 decreases	 in	 the	measured	 cTnI.	 This	
was	 unexpected,	 since	 false	 negative	 cTnI	 values	 have	 usually	 been	 associated	
with	 samples	 containing	 bilirubin	 (ver	 Elst	 et	 al.,	 1999;	 Dasgupta	 et	 al.,	 2001).	
However,	 spuriously	 increased	 cTnI	 values	 have	 been	 reported	 in	 samples	
containing	 free	 hemoglobin	 the	 generation	 of	 which	 is	 often	 accompanied	 by	
increased	 bilirubin	 values	 (Hawkins,	 2003;	Masimasi	 and	Means,	 2005).	 On	 the	
other	 hand,	 since	 no	 reference	 cTnI	 value	 was	 obtained	 for	 the	 interference	







Korley	 and	 Jaffe,	 2013),	 a	 problem	with	 lowered	 assay	 specificity	 has	 emerged.	
Actually,	 high	 sensitivity	 cTn	 assays	 are	 able	 to	 detect	 positive	 troponin	 values	
(>99th	percentile)	in	a	variety	of	different	non‐ACS‐related	conditions	including	a	
wide	 range	 of	 non‐ischemic	 clinical	 conditions,	 as	well	 as	 in	 sepsis	 and	 even	 in	
extreme	exertion	(Hamm	et	al.,	2002;	Agewall	et	al.,	2011).	Melanson	et	al.	(2008)	
reported	 that	when	 an	 old	 cTn	 assay	 from	Siemens	Healthcare	Diagnostics	was	
replaced	with	 a	more	 sensitive	 TnI‐Ultra	 in	 2007,	 a	 doubling	 of	 the	 amount	 of	
positive	cTn	results	in	the	collected	samples	was	observed,	although	no	change	in	
the	actual	number	of	final	diagnoses	were	found.	
Assay	 cross‐reactivity	 issues	with	 cTns	 have	 not	widely	 been	 addressed	 since	
the	 cross‐reactivity	 problems	 were	 observed	 with	 the	 first‐generation	 cTnT	
assay.	 The	 affected	 assay	 employed	 a	 detection	 antibody	 that	 had	 12%	 cross‐
reactivity	 with	 skeletal	 troponin	 T	 (skTnT)	 (Katus	 et	 al.,	 1992;	 Gaze	 and	
Collinson,	2008).	The	cross‐reactivity	was	eliminated	 in	 the	second‐generation	
assay	(Ricchiuti	et	al.,	1998),	but	it	has	re‐emerged	as	a	concern	during	the	past	
few	 years	 (Jaffe	 et	 al.,	 2011).	 Cross‐reactivity	 studies	 are	 mandatory	 for	
commercial	 assays,	 but	 not	 all	 cross‐reactivity	 values	 are	 openly	 reported.	
According	 to	 instructions	 for	 use	 ‐leaflets,	 high	 sensitivity	 cTnI	 assays	 have	
varying	 cross‐reactivities	 determined	 with	 1,000,000	 ng/L	 skTnI:	 Abbott	
Architect	0.07%	and	Beckman	Access	2	0.034%.	This	means	that,	 theoretically,	
50,000	 ng/L	 circulating	 skTnI	 would	 give	 rise	 to	 a	 35	 ng/L	 apparent	 cTnI	
concentration	 with	 the	 Abbott	 Architect	 assay,	 which	 would	 exceed	 the	
determined	 assay	 99th	 percentiles	 (women	 11.4	 ng/L,	men	 27	 ng/L,	 and	 both	
19.3	ng/L)(Krintus	et	al.,	2014).	Wu	et	al.	 (2009)	have	reported	 that	no	cross‐
reactivity	was	observed	for	Singulex	Erenna	high	sensitivity	cTnI	assay.	It	must	
be	 noted,	 however,	 that	 skTnI	 was	 assayed	 over	 a	 range	 of	 0.1–100	 ng/L.	
Normal	 population	 are	 reported	 to	 have	 circulating	 skTnI	 concentrations	 of	
approximately	 5500	 (±5200)	 ng/L	 measured	 before	 exercise	 and	 89,500	
(±71,400)	 ng/L	 after	 anaerobic	 exercise	 (Chapman	 et	al.,	 2013).	 Ultimately	 as	
high	 as	 990,000	 ng/L	 skTnI	 has	 been	 measured	 in	 a	 patient	 with	 an	
inflammatory	 muscle	 disease	 polymyositis	 (Kiely,	 2000).	 Therefore,	 with	 the	




1.36%).	 By	 replacing	 either	 9707	 or	 8I7	 with	 MF4	 or	 625	 antibody,	 markedly	
lowered	 the	 cross‐reactivity	 values.	 As	 it	 has	 become	 obvious	 that	 increased	
falsely	elevated	cTn	values	can	be	measured	without	MI	(Lippi	et	al.,	2013a),	more	
attention	 should	be	directed	 to	 assay	 cross‐reactivities.	Many	manufactures	 sell	





sold	 as	 cardiac‐specific	 can	 detect	 trace	 amounts	 of	 skTnI,	 as	 was	 observed	 in	
publication	IV.	Vylegzhanina	et	al.	(2013)	recently	reported	that	Mab‐8I7	has	70%	
cross‐reactivity	with	 skTnI.	 Results	 from	 study	 IV	 support	 the	 observation,	 but	
also	highlight	the	importance	of	the	other	antibodies	used	in	the	assay	setup.	Mab‐
8I7	 showed	extensive	 cross‐reactivity	with	 skTnI	only	when	used	 together	with	
Fab‐9707	 (0.42%–1.36%,	 assay	 version	 6).	 Assays	 employing	 only	 8I7	 or	 9707	
had	cross‐reactivities	between	0.04%–0.21%	(assay	versions	7	and	8).	Also,	 the	
assay	version	9	that	employed	antibodies	with	no	reported	cross‐reactivity	with	




assay	 versions	 7‒9	 showed	 identical	 cross‐reactivities,	 the	 specificity	 of	 assay	
antibodies	 should	 not	 be	 ignored,	 when	 developing	 new	 generations	 of	 high	
sensitivity	assays.	
The	 specificity	 issues	 around	high	 sensitivity	 cTn	assays	 should	not	be	 ignored,	




up	 to	 32‐fold	 differences	 can	 be	 found	 in	 the	 assay	 99th	 percentiles,	 when	
determined	for	19	cTnI	and	cTnT	assays	with	the	same	reference	population	used.	
Thus,	 the	 question	 about	 the	way	 normality	 should	 be	 determined	 has	 become	
highly	 topical.	 In	 the	 future,	 the	 determination	 of	 assay	 99th	 percentiles	 will,	
therefore,	 probably	 be	 based	 on	 strict	 recommendations	 and	 on	 the	 extensive	
medical	 examinations	 of	 the	 study	 participants	 (Koerbin	 et	al.,	 2013).	 Although	
the	current	recommendation	of	MI	diagnosis	emphasizes	the	importance	of	a	rise	
and/or	 fall	 in	 the	measured	 cTn	value	 (Thygesen	et	al.,	 2012),	 an	 analyte	 value	
above	the	determined	diagnostic	threshold	may,	in	some	cases,	be	the	only	basis	
for	 diagnosing	 an	 ischemic	 cardiac	 disease	 (Eggers	 et	 al.,	 2012;	 Lippi	 et	 al.,	
2013b).	 In	 the	worst	 case	scenario,	 a	 false	positive,	or	 false	negative,	 cTn‐result	
may	therefore	result	in	a	wrong	clinical	decision.		
As	 there	 is	 no	 single	 blocking	 agent	 that	 could	 remove	 all	 heterophilic‐type	
interferences,	 and	most	 commercial	 immunoassays	 for	 cTnI	 are	 currently	 using	
intact	monoclonal	or	polyclonal	antibodies	(Tate,	2008),	employing	recombinant	
antibody	 fragments	 ‒	 chimeric	 or	 humanized	 in	 particular	 ‒	 should	 be	 highly	
encouraged	in	the	future	generations	of	high	sensitivity	assays	for	cTnI	and	TnT.	
Additionally,	 since	 the	 trend	 has	 been	 toward	 increasing	 sensitivity,	 and	 a	 cTn	
assay	is	to	be	regarded	as	a	high	sensitivity	assay	only	when	>50%	(ideally	95%)	
of	people	in	a	normal	population	have	detectable	cTnI	values	(Apple	et	al.,	2012a),	






significantly	 lowered	 assay	 specificities.	 Therefore,	 the	 selection	 of	 assay	
antibodies	 plays	 an	 important	 role	 in	 the	 development	 of	 assays	 with	 high	
specificity	 to	 cTnI.	 In	 addition,	 the	 employment	 of	 recombinant	 antibody	
fragments,	chimeric	fragments	or,	ultimately,	humanized	antibodies	possess	high	









fluorescent	 nanoparticles	 are	 universally	 applicable	 to	 immunoassays	
requiring	either	high	sensitivities	or	wide	dynamic	ranges	around	a	specific	
predetermined	analyte	value.	
II	 A	 possibly	 interference‐prone	 subclass	 IgG1	 antibody	 was	 tested	 in	 a	
research	assay	for	cTnI	in	four	different	molecular	forms:	Mab,	F(ab’)2,	Fab,	
and	cFab.	Utilizing	the	Mab	form	caused	significantly	higher	observed	cTnI	
values	 in	 apparently	 healthy	 study	 subjects.	 Ultimately,	 the	 recombinant	
fragments	 showed	 the	 lowest	measured	 cTnI	 values,	 calling	 for	 a	 broader	
evaluation	of	 the	advantages	of	recombinant	antibody	fragments	 in	assays	
requiring	high	sensitivities.		
III	 Highly	 sensitive	 assays	 for	 cTnI	 have	 emerged	 in	 the	 critical	 care	 testing	




well	 as	 significantly	 lowered	 the	 prevalence	 of	 spuriously	 elevated	 cTnI	
values	when	 compared	 to	 a	 previous	 version	 of	 the	 assay.	 This	 highlights	
the	 results	 of	 study	 II,	 and	 calls	 for	 thorough	 and	 active	 measures	 in	
applying	 chimeric	 antibody	 fragments	 when	 the	 next	 generations	 of	 high	
sensitivity	cTnI	assays	are	being	developed.		
IV	 Antibodies	 claimed	 as	 cTnI‐specific	 are	 widely	 sold	 by	 different	 antibody	
manufacturers.	 However,	 these	 antibodies	 may	 cause	 falsely	 elevated	
signals	through	cross‐reactivity	with	skeletal	TnI,	especially	when	they	are	
employed	in	nanoparticle‐assisted	immunoassays,	where	an	avidity‐related	
enhancement	 of	 the	 assay	 signal	 may	 induce	 even	 low‐affinity	 matrix‐
Conclusions	
66	
related	 interferences	 to	 cause	 complications.	 Different	 antibodies	 were	




on	 different	 signal	 amplification	 methods,	 which	 potentially	 expose	 the	
assays	to	low	affinity‐related	interferences,	the	issue	of	antibody	specificity	
should	 not	 be	 ignored	 even	 when	 antibodies	 with	 no	 apparent	 cross‐
reactivities	are	being	used.		
In	 conclusion,	 Eu	 nanoparticles	 can	 be	 employed	 as	 the	 detection	 system	 in	
immunoassays	requiring	specific	properties:	sensitivity	or	a	wide	dynamic	range	
around	 a	 pre‐determined	 cut‐off	 value.	 All	 the	 developed	 assays	 were	
implemented	as	5‐	or	15‐minute	assays,	enabling	their	possible	incorporation	into	
a	 POCT	 assay	 system.	 Using	 recombinant	 antibody	 fragments	 clearly	 showed	
superiority	over	intact	antibodies	by	being	significantly	less	prone	to	low‐affinity	




the	 next	 generation	 of	 assays	 for	 cTnI.	 This	 is	 supported	 by	 the	 fact	 that	 high	








I	 am	 honored	 to	 have	 had	 the	 privilege	 to	 work	 with	 people	 who	 have	 true	
passion	 in	 what	 they	 do.	 These	 include	 Professor	 Emeritus	 Timo	 Lövgren,	
Professor	 Kim	 Pettersson,	 Professor	 Tero	 Soukka	 and	 Adjunct	 Professor	 Urpo	
Lamminmäki.		
Above	all,	I	am	grateful	to	my	supervisors	Professor	Kim	Pettersson	and	Dr.	Eeva‐
Christine	 Brockmann.	 Their	 support	 has	 greatly	 influenced	 my	 growth	 as	 a	
scientist	 and	 both	 have	 offered	 important	words	 of	 encouragement	when	most	
needed.	 I	 would	 also	 like	 to	 thank	 Professor	 Pettersson	 for	 trusting	 project	
management	 related	 duties	 with	 me:	 they	 have	 enormously	 developed	 my	
professional	skills.		
I	 warmly	 thank	 all	my	 co‐authors:	 Päivi	 Hedberg,	 Taina	 Heikkilä,	 Henna	 Kekki,	
Marja‐Leena	 Järvenpää,	Päivi	Laitinen,	Tarja	Puolakanaho	and	Noora	Ristiniemi.	
In	 particular,	 I	 would	 like	 to	 thank	 Taina	 for	 her	 diligent	 work	 in	 doing	 the	
majority	of	pipettings	for	the	original	publications	III	and	IV	and	for	giving	me	the	
privilege	 to	 guide	 her.	 I	 also	 wish	 to	 thank	 all	 the	 other	 past	 workers	 of	 the	
NanoIL‐project	 I	 have	 had	 the	 opportunity	 of	working	with:	 Tuomas	Huovinen,	
Tiina	 Jaatinen,	 Päivi	Malmi	 and	 Ilari	Niemi.	Out	 of	 all	 the	 students	 and	 summer	




Dr.	 Susann	 Eriksson	 (DHR	 Finland	 Oy	 Innotrac	 Diagnostics)	 and	 Dr.	 Petri	
Saviranta	 (VTT	 Technical	 Research	 Centre	 of	 Finland)	 are	 courtly	 thanked	 for	
reviewing	 the	 thesis	 work	 and	 for	 giving	 constructive	 and	 valuable	 comments.	
The	thanks	are	extended	to	Anu	Toivonen	for	reviewing	the	language	of	the	thesis.	
I	 wish	 to	 thank	 all	 the	 past	 and	 present	 personnel	 of	 the	 Department	 of	
Biotechnology.	Mirja	Jaala,	Sanna	Laitinen,	Marja	Maula	and	Martti	Sointusalo	are	
thanked	for	keeping	the	laboratory	and	its	equipment	up	and	running	as	well	as	
for	 helping	with	paperwork.	 Pirjo	 Pietilä	 is	 thanked	 for	 producing	 the	 antibody	










explain	what	 it	 is	 I	 exactly	 do	 at	work.	 Leaving	 our	work	 lives	 outside	 the	 get‐
togethers	has	provided	well‐needed	breaks	from	work.		
My	most	 sincere	 and	warmest	 thanks	 belong	 to	my	 family;	 mom,	 dad,	 and	my	




















Agewall	 S,	 Giannitsis	 E,	 Jernberg	 T	 and	 Katus	 H.	 (2011)	 Troponin	 elevation	 in	 coronary	 vs.	 non‐
coronary	disease.	Eur	Heart	J	32:404–411.	
Åkerström	 B	 and	 Björck	 L.	 (1989)	 Protein	 L:	 An	 immunoglobulin	 light	 chain‐binding	 bacterial	
protein.	characterization	of	binding	and	physicochemical	properties.	J	Biol	Chem	264:19740–
19746.	
Alpert	 JS,	 Thygesen	 K,	 Antman	 E	 and	 Bassand	 JP.	 (2000)	 Myocardial	 infarction	 redefined‒a	
consensus	 document	 of	 the	 joint	 european	 society	 of	 cardiology/american	 college	 of	
cardiology	committee	for	the	redefinition	of	myocardial	infarction.	J	Am	Coll	Cardiol	36:959–
969.	
Altshuler	 EP,	 Vylegzhanina	 AV,	 Katrukha	 IA,	 Bereznikova	 AV	 and	 Serebryanaya	 DV.	 (2012)	
Application	 of	 recombinant	 antibody	 fragments	 for	 troponin	 I	 measurements.	Biochemistry	
(Mosc)	77:1362–1367.	
Alvarenga	 LM,	 Muzard	 J,	 Ledreux	 A,	 Bernard	 C	 and	 Billiald	 P.	 (2014)	 Colorimetric	 engineered	






anti‐bovine	 IgG	 antibodies	 as	 the	 major	 cause	 of	 false	 positive	 reactions	 in	 two‐site	
immunoassays	based	on	monoclonal	antibodies.	J	Immunoassay	Immunochem	25:17–30.	
Apple	 FS,	 Chung	 AY,	 Kogut	ME,	 Bubany	 S	 and	Murakami	MM.	 (2006)	 Decreased	 patient	 charges	
following	 implementation	 of	 point‐of‐care	 cardiac	 troponin	 monitoring	 in	 acute	 coronary	






Armbruster	 DA	 and	 Alexander	 DB.	 (2006)	 Sample	 to	 sample	 carryover:	 A	 source	 of	 analytical	
laboratory	error	and	its	relevance	to	integrated	clinical	chemistry/immunoassay	systems.	Clin	
Chim	Acta	373:37–43.	
Baert	 F,	 Noman	 M,	 Vermeire	 S,	 Van	 Assche	 G,	 D'Haens	 G,	 Carbonez	 A	 and	 Rutgeerts	 P.	 (2003)	
Influence	of	immunogenicity	on	the	long‐term	efficacy	of	infliximab	in	crohn's	disease.	N	Engl	J	
Med	348:601–608.	
Bale	 MD,	 Danielson	 SJ,	 Daiss	 JL,	 Goppert	 KE	 and	 Sutton	 RC.	 (1989)	 Influence	 of	 copolymer	




Bale	 Oenick	 MD,	 Danielson	 SJ,	 Daiss	 JL,	 Sundberg	 MW	 and	 Sutton	 RC.	 (1990)	 Antigen‐binding	
activity	of	antibodies	immobilized	on	styrene	copolymer	beads.	Ann	Biol	Clin	48:651–654.	




immunoreactive	 cardiac	 troponin	 forms	 determined	 by	 gel	 filtration	 chromatography	 after	
acute	myocardial	infarction.	Clin	Chem	56:952–958.	
Baum	RP,	Niesen	A,	Hertel	A,	Nancy	A,	Hess	H,	Donnerstag	B,	 Sykes	TR,	 Sykes	CJ,	 Suresh	MR	and	










Berth	 M,	 Bosmans	 E,	 Everaert	 J,	 Dierick	 J,	 Schiettecatte	 J,	 Anckaert	 E	 and	 Delanghe	 J.	 (2006)	
Rheumatoid	factor	interference	in	the	determination	of	carbohydrate	antigen	19‐9	(CA	19‐9).	
Clin	Chem	Lab	Med	44:1137–1139.	














Bjerner	 J,	 Olsen	 KH,	 Børmer	 OP	 and	 Nustad	 K.	 (2005)	 Human	 heterophilic	 antibodies	 display	
specificity	for	murine	IgG	subclasses.	Clin	Biochem	38:465–472.	
Bjerner	 J,	 Bolstad	 N	 and	 Piehler	 A.	 (2012)	 Belief	 is	 only	 half	 the	 truth	 ‐	 or	 why	 screening	 for	




Blick	K.	 (2014)	The	benefits	 of	 a	 rapid,	 point‐of‐care	 "TnI‐only"	 zero	 and	2‐hour	protocol	 for	 the	
evaluation	of	chest	pain	patients	in	the	emergency	department.	Clin	Lab	Med	34:75–85.	
Boerman	OC,	Segers	MF,	Poels	LG,	Kenemans	P	and	Thomas	CM.	(1990)	Heterophilic	antibodies	in	
human	 sera	 causing	 falsely	 increased	 results	 in	 the	 CA	125	 immunofluorometric	 assay.	Clin	
Chem	36:888–891.	





Heterophilic	 antibody	 interference	 in	 commercial	 immunoassays;	 a	 screening	 study	 using	
paired	native	and	pre‐blocked	sera.	Clin	Chem	Lab	Med	49:2001–2006.	
Bolstad	N,	Warren	DJ	 and	Nustad	 K.	 (2013)	Heterophilic	 antibody	 interference	 in	 immunometric	
assays.	Best	Pract	Res	Clin	Endocrinol	Metab	27:647–661.	
Börmer	OP.	 (1989)	 Interference	 of	 complement	with	 the	 binding	 of	 carcinoembryonic	 antigen	 to	
solid‐phase	monoclonal	antibodies.	J	Immunol	Methods	121:85–93.	
Boscato	 LM	 and	 Stuart	 MC.	 (1986)	 Incidence	 and	 specificity	 of	 interference	 in	 two‐site	
immunoassays.	Clin	Chem	32:1491–1495.	
Boscato	LM	and	Stuart	MC.	 (1988)	Heterophilic	 antibodies:	A	problem	 for	 all	 immunoassays.	Clin	
Chem	34:27–33.	




Brenner	 B,	 Francis	 CW,	 Totterman	 S,	 Kessler	 CM,	 Rao	 AK,	 Rubin	 R,	 Kwaan	 HC,	 Gabriel	 KR	 and	
Marder	 VJ.	 (1990)	 Quantitation	 of	 venous	 clot	 lysis	 with	 the	 D‐dimer	 immunoassay	 during	





recombinant	 antibody	 fragments	 in	 a	 5‐min	 immunoassay	 for	 thyroid‐stimulating	 hormone.	
Anal	Biochem	396:242–249.	
Brockmann	EC,	Akter	S,	Savukoski	T,	Huovinen	T,	Lehmusvuori	A,	Leivo	J,	Saavalainen	O,	Azhayev	A,	
Lövgren	 T,	 Hellman	 J,	 et	 al.	 (2011)	 Synthetic	 single‐framework	 antibody	 library	 integrated	
with	rapid	affinity	maturation	by	VL	shuffling.	Protein	Eng	Des	Sel	24:691–700.	












Cavalier	 E,	 Delanaye	 P,	 Carlisi	 A,	 Chapelle	 J	 and	 Collette	 J.	 (2009)	 An	 unusual	 interference	 in	
parathormone	assay	caused	by	anti‐goa	tIgG:	A	case	report.	Clin	Chem	Lab	Med	47:118.	
Chang	CY,	Lu	 JY,	Chien	TI,	Kao	 JT,	Lin	MC,	Shih	PC	and	Yan	SN.	 (2003)	 Interference	caused	by	the	
contents	of	serum	separator	tubes	in	the	vitros	CRP	assay.	Ann	Clin	Biochem	40:249–251.	
Chapman	DW,	Simpson	JA,	Iscoe	S,	Robins	T	and	Nosaka	K.	(2013)	Changes	in	serum	fast	and	slow	
skeletal	 troponin	 I	 concentration	 following	maximal	 eccentric	 contractions.	 J	 Sci	Med	 Sport	
16:82–85.	
Check	 JH,	 Ubelacker	 L	 and	 Lauer	 CC.	 (1995)	 Falsely	 elevated	 steroidal	 assay	 levels	 related	 to	
heterophile	antibodies	against	various	animal	species.	Gynecol	Obstet	Invest	40:139–140.	













SE.	 (2006)	 Toward	 standardization	 of	 cardiac	 troponin	 I	 measurements	 part	 II:	 Assessing	
commutability	 of	 candidate	 reference	 materials	 and	 harmonization	 of	 cardiac	 troponin	 I	
assays.	Clin	Chem	52:1685–1692.	
Clinical	 and	 Laboratory	 Standards	 Institute.	 (2004)	 CLSI;	 evaluation	 of	 precision	 performance	 of	
quantitative	measurement	methods;	approved	guideline‐second	edition.	CLSI	document	EP5‐
A2.	Wayne,	PA.	
Clinical	 and	 Laboratory	 Standards	 Institute.	 (2012)	 CLSI;	 evaluation	 of	 detection	 capability	 for	
clinical	 laboratory	 measurement	 procedures;	 approved	 guideline‐second	 edition.	 CLSI	
document	EP17‐A2.	Wayne,	PA.	
Cole	LA,	Shahabi	S,	Butler	SA,	Mitchell	H,	Newlands	ES,	Behrman	HR	and	Verrill	HL.	(2001)	Utility	of	






escherichia	 coli	 produces	 false‐positive	 results	 in	multiple	 immunometric	 assays.	Clin	Chem	
46:1157–1161.	
Csako	 G,	Weintraub	 BD	 and	 Zweig	 MH.	 (1988)	 The	 potency	 of	 immunoglobulin	 G	 fragments	 for	




Dahlmann	 N	 and	 Bidlingmaier	 F.	 (1989)	 Circulating	 antibodies	 to	 mouse	 monoclonal	
immunoglobulins	 caused	 false‐positive	 results	 in	 a	 two‐site	 assay	 for	 alpha‐fetoprotein.	Clin	
Chem	35:2339.	




medicine	 chan	 su	 in	 serum	 digoxin	 measurement.	 Elimination	 of	 interference	 by	 using	 a	






Dasgupta	 A	 and	 Bernard	 DW.	 (2006)	 Herbal	 remedies:	 Effects	 on	 clinical	 laboratory	 tests.	 Arch	
Pathol	Lab	Med	130:521–528.	
Davidsohn	 I	 and	 Lee	 CL.	 (1966)	 Heterophilic	 antibodies	 following	 injection	 of	 blood	 group	
substances.	Transfusion	6:487–492.	




de	 Jager	 W,	 Prakken	 BJ,	 Bijlsma	 JW,	 Kuis	 W	 and	 Rijkers	 GT.	 (2005)	 Improved	 multiplex	
immunoassay	 performance	 in	 human	 plasma	 and	 synovial	 fluid	 following	 removal	 of	
interfering	heterophilic	antibodies.	J	Immunol	Methods	300:124–135.	
DeForge	 LE,	 Loyet	 KM,	 Delarosa	 D,	 Chinn	 J,	 Zamanian	 F,	 Chuntharapai	 A,	 Lee	 J,	 Hass	 P,	 Wei	 N,	
Townsend	MJ,	 et	al.	 (2010)	Evaluation	 of	 heterophilic	 antibody	 blocking	 agents	 in	 reducing	
false	 positive	 interference	 in	 immunoassays	 for	 IL‐17AA,	 IL‐17FF,	 and	 IL‐17AF.	 J	 Immunol	
Methods	362:70–81.	
Demers	 L	 and	 Spencer	C.	 (2003)	 Laboratory	 support	 for	 the	diagnosis	 and	monitoring	 of	 thyroid	
disease:	Thyroglobulin	(tg)	measurement.	Thyroid	13:57–67.	








Dorizzi	 RM,	 Tagliaro	 F,	 Ghielmi	 S,	 Archetti	 S,	 Poiesi	 C	 and	 Luisetto	 G.	 (1991)	 Antibodies	 against	
calcitonins	as	a	source	of	analytical	errors.	Eur	J	Clin	Chem	Clin	Biochem	29:689.	
Drain	 PK,	 Hyle	 EP,	 Noubary	 F,	 Freedberg	 KA,	Wilson	D,	 Bishai	WR,	 Rodriguez	W	 and	 Bassett	 IV.	




Eggers	 KM,	 Venge	 P	 and	 Lindahl	 B.	 (2012)	 High‐sensitive	 cardiac	 troponin	 T	 outperforms	 novel	
diagnostic	biomarkers	in	patients	with	acute	chest	pain.	Clin	Chim	Acta	413:1135–1140.	
Eggers	KM,	Venge	P,	Lindahl	B	and	Lind	L.	(2013)	Cardiac	troponin	I	 levels	measured	with	a	high‐







Eriksson	 S,	 Vehniäinen	M,	 Jansen	T,	Meretoja	V,	 Saviranta	 P,	 Pettersson	K	 and	 Lövgren	T.	 (2000)	
Dual‐label	time‐resolved	immunofluorometric	assay	of	free	and	total	prostate‐specific	antigen	
based	on	recombinant	fab	fragments.	Clin	Chem	46:658–666.	
Eriksson	S,	 Junikka	M,	 Laitinen	P,	Majamaa‐Voltti	K,	Alfthan	H	 and	Pettersson	K.	 (2003)	Negative	
interference	 in	 cardiac	 troponin	 I	 immunoassays	 from	 a	 frequently	 occurring	 serum	 and	
plasma	component.	Clin	Chem	49:1095–1104.	
Eriksson	 S,	 Halenius	 H,	 Pulkki	 K,	 Hellman	 J	 and	 Pettersson	 K.	 (2005a)	 Negative	 interference	 in	
cardiac	 troponin	 I	 immunoassays	by	circulating	 troponin	autoantibodies.	Clin	Chem	51:839–
847.	
Eriksson	S,	Ilva	T,	Becker	C,	Lund	J,	Porela	P,	Pulkki	K,	Voipio‐Pulkki	LM	and	Pettersson	K.	(2005b)	
Comparison	 of	 cardiac	 troponin	 I	 immunoassays	 variably	 affected	 by	 circulating	
autoantibodies.	Clin	Chem	51:848–855.	


















Fritz	 BE,	 Hauke	 RJ	 and	 Stickle	 DF.	 (2009)	 New	 onset	 of	 heterophilic	 antibody	 interference	 in	






García‐Mancebo	 ML,	 Agulló‐Ortuño	 MT,	 Gimeno	 JR,	 Navarro‐Martínez	 MD,	 Ruíz‐Gómez	 J	 and	
Noguera‐Velasco	 JA.	 (2005)	 Heterophile	 antibodies	 produce	 spuriously	 elevated	
concentrations	 of	 cardiac	 troponin	 I	 in	 patients	 with	 legionella	 pneumophila.	 Clin	 Biochem	
38:584–587.	
Gaze	 DC	 and	 Collinson	 PO.	 (2008)	 Multiple	 molecular	 forms	 of	 circulating	 cardiac	 troponin:	
Analytical	and	clinical	significance.	Ann	Clin	Biochem	45:349–355.	
Ghali	 S,	Lewis	K,	Kazan	V,	Altorok	N,	Taji	 J,	Taleb	M,	Lanka	K	and	Assaly	R.	 (2012)	Fluctuation	of	
spuriously	elevated	troponin	I:	A	case	report.	Case	Rep	Crit	Care	2012:585879.	






Giuliani	 I,	 Bertinchant	 JP,	 Granier	 C,	 Laprade	 M,	 Chocron	 S,	 Toubin	 G,	 Etievent	 JP,	 Larue	 C	 and	
Trinquier	 S.	 (1999)	Determination	of	 cardiac	 troponin	 I	 forms	 in	 the	blood	of	patients	with	
acute	myocardial	infarction	and	patients	receiving	crystalloid	or	cold	blood	cardioplegia.	Clin	
Chem	45:213–222.	











































Hu	 X,	 O'Hara	 L,	White	 S,	Magner	 E,	 Kane	M	 and	Wall	 JG.	 (2007)	 Optimisation	 of	 production	 of	 a	
domoic	 acid‐binding	 scFv	antibody	 fragment	 in	 escherichia	 coli	using	molecular	 chaperones	
and	 functional	 immobilisation	 on	 a	mesoporous	 silicate	 support.	Protein	Expr	Purif	52:194‐
201.	
Huckle	 D.	 (2013)	 Market	 trends.	 In:	 Wild	 D.	 (edited),	 The	 Immunoassay	 Handbook	 517–531.	
Elsevier	Science,	The	Netherlands.	
Hudson	PJ.	(1998)	Recombinant	antibody	fragments.	Curr	Opin	Biotechnol	9:395–402.	
Hueber	 W,	 Tomooka	 BH,	 Zhao	 X,	 Kidd	 BA,	 Drijfhout	 JW,	 Fries	 JF,	 van	 Venrooij	 WJ,	 Metzger	 AL,	
Genovese	 MC	 and	 Robinson	 WH.	 (2007)	 Proteomic	 analysis	 of	 secreted	 proteins	 in	 early	




Huhtinen	P,	Kivelä	M,	Kuronen	O,	Hagren	V,	Takalo	H,	Tenhu	H,	 Lövgren	T	 and	Härmä	H.	 (2005)	
Synthesis,	 characterization,	 and	 application	 of	 eu(III),	 tb(III),	 sm(III),	 and	 dy(III)	 lanthanide	
chelate	nanoparticle	labels.	Anal	Chem	77:2643–2648.	
Hunter	WM	 and	 Budd	 PS.	 (1980)	 Circulating	 antibodies	 to	 ovine	 and	 bovine	 immunoglobulin	 in	
healthy	subjects:	A	hazard	for	immunoassays.	Lancet	2:1136.	
Hwang	WY	and	Foote	J.	(2005)	Immunogenicity	of	engineered	antibodies.	Methods	36:3‐10.	





Ismail	 AA.	 (2007)	 On	 detecting	 interference	 from	 endogenous	 antibodies	 in	 immunoassays	 by	
doubling	dilutions	test.	Clin	Chem	Lab	Med	45:851–854.	
Jaffe	AS,	Vasile	VC,	Milone	M,	Saenger	AK,	Olson	KN	and	Apple	FS.	(2011)	Diseased	skeletal	muscle:	A	




Janssen	MJW,	Velmans	MH	and	Heesen	WF.	 (2014)	A	patient	with	 a	high	 concentration	of	B‐type	
natriuretic	 peptide	 (BNP)	 but	 normal	N‐terminal	 proBNP	 concentration:	 A	 case	 report.	Clin	
Biochem	47:1136–1137.	
Järvenpää	ML,	Kuningas	K,	Niemi	 I,	Hedberg	P,	Ristiniemi	N,	 Pettersson	K	 and	Lövgren	T.	 (2012)	
Rapid	 and	 sensitive	 cardiac	 troponin	 I	 immunoassay	 based	 on	 fluorescent	 europium(III)‐
chelate‐dyed	nanoparticles.	Clin	Chim	Acta	414:70–75.	
Jespers	LS,	Roberts	A,	Mahler	SM,	Winter	G	and	Hoogenboom	HR.	 (1994)	Guiding	 the	selection	of	
human	 antibodies	 from	 phage	 display	 repertoires	 to	 a	 single	 epitope	 of	 an	 antigen.	
Biotechnology	(N	Y)	12:899–903.	




Kato	 K,	 Umeda	 U,	 Suzuki	 F,	 Hayashi	 D	 and	 Kosaka	 A.	 (1979)	 Use	 of	 antibody	 fab'	 fragments	 to	








Kazmierczak	 SC,	 Sekhon	 H	 and	 Richards	 C.	 (2005)	 False‐positive	 troponin	 I	 measured	 with	 the	
abbott	AxSYM	attributed	to	fibrin	interference.	Int	J	Cardiol	101:27–31.	
Keller	T,	Zeller	T,	Peetz	D,	Tzikas	S,	Roth	A,	Czyz	E,	Bickel	C,	Baldus	S,	Warnholtz	A,	Frohlich	M,	et	al.	
(2009)	Sensitive	 troponin	 I	 assay	 in	 early	diagnosis	 of	 acute	myocardial	 infarction.	N	Engl	 J	
Med	361:868–877.	
Kelly	 LS,	 Kozak	M,	Walker	 T,	 Pierce	M	 and	 Puett	 D.	 (2005)	 Lectin	 immunoassays	 using	 antibody	




Kerschbaumer	RJ,	Hirschl	 S,	 Kaufmann	A,	 Ibl	M,	 Koenig	R	 and	Himmler	 G.	 (1997)	 Single‐chain	 fv	
fusion	 proteins	 suitable	 as	 coating	 and	 detecting	 reagents	 in	 a	 double	 antibody	 sandwich	
enzyme‐linked	immunosorbent	assay.	Anal	Biochem	249:219–227.	
Khalili	H	and	de	Lemos	JA.	 (2014)	What	constitutes	a	relevant	change	 in	high‐sensitivity	 troponin	
values	over	serial	measurement?	Clin	Chem	60:803–805.	
Kiely	PDW.	(2000)	Serum	skeletal	 troponin	I	 in	 inflammatory	muscle	disease:	Relation	to	creatine	
kinase,	CKMB	and	cardiac	troponin	I.	Ann	Rheum	Dis	59:750–751.	
Kim	S,	Yun	YM,	Hur	M,	Moon	HW	and	Kim	JQ.	(2011)	The	effects	of	anti‐insulin	antibodies	and	cross‐





Kim	 WJ,	 Laterza	 OF,	 Hock	 KG,	 Pierson‐Perry	 JF,	 Kaminski	 DM,	 Mesguich	 M,	 Braconnier	 F,	
Zimmermann	 R,	 Zaninotto	 M,	 Plebani	 M,	 et	 al.	 (2002)	 Performance	 of	 a	 revised	 cardiac	
troponin	 method	 that	 minimizes	 interferences	 from	 heterophilic	 antibodies.	 Clin	 Chem	
48:1028–1034.	
Knappik	 A	 and	 Plückthun	 A.	 (1994)	 An	 improved	 affinity	 tag	 based	 on	 the	 FLAG	 peptide	 for	 the	
detection	and	purification	of	recombinant	antibody	fragments.	BioTechniques	17:754–761.	





Korley	 FK	 and	 Jaffe	 AS.	 (2013)	 Preparing	 the	 united	 states	 for	 high‐sensitivity	 cardiac	 troponin	
assays.	J	Am	Coll	Cardiol	61:1753–1758.	
Koshida	 S,	 Asanuma	K,	 Kuribayashi	K,	 Goto	M,	 Tsuji	N,	 Kobayashi	D,	 Tanaka	M	 and	Watanabe	N.	
(2010)	 Prevalence	 of	 human	 anti‐mouse	 antibodies	 (HAMAs)	 in	 routine	 examinations.	 Clin	
Chim	Acta	411:391–394.	
Kricka	 LJ.	 (1999)	 Human	 anti‐animal	 antibody	 interferences	 in	 immunological	 assays.	 Clin	 Chem	
45:942–956.	
Krintus	 M,	 Kozinski	 M,	 Boudry	 P,	 Capell	 NE,	 Koller	 U,	 Lackner	 K,	 Lefevre	 G,	 Lennartz	 L,	 Lotz	 J,	
Herranz	 AM,	 et	 al.	 (2014)	 European	 multicenter	 analytical	 evaluation	 of	 the	 abbott	
ARCHITECT	STAT	high	sensitive	troponin	I	immunoassay.	Clin	Chem	Lab	Med	52:1657–1665.	
Kroll	 MH	 and	 Elin	 RJ.	 (1994)	 Interference	 with	 clinical	 laboratory	 analyses.	 Clin	 Chem	40:1996–
2005.	
Kuroki	M,	Matsumoto	Y,	Arakawa	F,	Haruno	M,	Murakami	M,	Kuwahara	M,	Ozaki	H,	 Senba	T	 and	
Matsuoka	 Y.	 (1995)	 Reducing	 interference	 from	 heterophilic	 antibodies	 in	 a	 two‐site	
immunoassay	 for	 carcinoembryonic	 antigen	 (CEA)	 by	 using	 a	 human/mouse	 chimeric	
antibody	to	CEA	as	the	tracer.	J	Immunol	Methods	180:81–91.	
Kuus‐Reichel	 K,	 Grauer	 LS,	 Karavodin	 LM,	 Knott	 C,	 Krusemeier	 M	 and	 Kay	 NE.	 (1994)	 Will	
immunogenicity	 limit	 the	 use,	 efficacy,	 and	 future	 development	 of	 therapeutic	 monoclonal	
antibodies?	Clin	Diagn	Lab	Immunol	1:365–372.	
Lappé	 JM,	 Pelfrey	 CM,	 Cotleur	 A	 and	 Tang	WH.	 (2011)	 Cellular	 proliferative	 response	 to	 cardiac	
troponin‐I	in	patients	with	idiopathic	dilated	cardiomyopathy.	Clin	Transl	Sci	4:317–322.	
Larsson	 A,	 Hedenborg	 G	 and	 Carlström	 A.	 (1981)	 Placental	 transfer	 of	 maternal	 anti‐rabbit	 IgG	
causing	falsely	elevated	TSH	levels	in	neonates.	Acta	Paediatr	Scand	70:699–703.	
Larue	 C,	 Calzolari	 C,	 Bertinchant	 JP,	 Leclercq	 F,	 Grolleau	 R	 and	 Pau	 B.	 (1993)	 Cardiac‐specific	
immunoenzymometric	 assay	of	 troponin	 I	 in	 the	early	phase	of	 acute	myocardial	 infarction.	
Clin	Chem	39:972–979.	
Laukkanen	 ML,	 Orellana	 A	 and	 Keinänen	 K.	 (1995)	 Use	 of	 genetically	 engineered	 lipid‐tagged	
antibody	 to	 generate	 functional	 europium	 chelate‐loaded	 liposomes.	 application	 in	
fluoroimmunoassay.	J	Immunol	Methods	185:95–102.	
LeGatt	DF,	Blakney	GB,	Higgins	TN,	Schnabl	KL,	Shalapay	CE,	Dias	VC	and	Wesenberg	JC.	(2012)	The	
effect	 of	 paraproteins	 and	 rheumatoid	 factor	 on	 four	 commercial	 immunoassays	 for	















carcinoembryonic	 antigen	 immunoscintigraphy	 (technetium‐99m‐monoclonal	 antibody	 BW	





Plückthun	A.	 (1997)	 Specific	 detection	 of	 his‐tagged	 proteins	with	 recombinant	 anti‐his	 tag	
scFv‐phosphatase	or	scFv‐phage	fusions.	BioTechniques	22:140–149.	
Lindsell	CJ,	Anantharaman	V,	Diercks	D,	Han	JH,	Hoekstra	JW,	Hollander	JE,	Kirk	JD,	Lim	SH,	Peacock	
WF,	 Tiffany	 B,	 et	 al.	 (2006)	 The	 internet	 tracking	 registry	 of	 acute	 coronary	 syndromes	
(i*trACS):	 A	 multicenter	 registry	 of	 patients	 with	 suspicion	 of	 acute	 coronary	 syndromes	
reported	 using	 the	 standardized	 reporting	 guidelines	 for	 emergency	 department	 chest	 pain	
studies.	Ann	Emerg	Med	48:666–677.	
Lipman	 NS,	 Jackson	 LR,	 Trudel	 LJ	 and	 Weis‐Garcia	 F.	 (2005)	 Monoclonal	 versus	 polyclonal	
antibodies:	 Distinguishing	 characteristics,	 applications,	 and	 information	 resources.	 ILAR	 J	
46:258–268.	
Lippi	 G,	 Aloe	 R,	 Meschi	 T,	 Borghi	 L	 and	 Cervellin	 G.	 (2013a)	 Interference	 from	 heterophilic	






Liu	 AY,	 Robinson	 RR,	 Hellström	 KE,	 Murray	 ED,Jr,	 Chang	 CP	 and	 Hellström	 I.	 (1987)	 Chimeric	









Lück	 M,	 Paulke	 BR,	 Schröder	 W,	 Blunk	 T	 and	 Müller	 RH.	 (1998)	 Analysis	 of	 plasma	 protein	
adsorption	on	polymeric	nanoparticles	with	different	surface	characteristics.	 J	Biomed	Mater	
Res	39:478–485.	
Lum	G,	 Solarz	D	 and	 Farney	 L.	 (2006)	 False	 positive	 cardiac	 troponin	 results	 in	 patients	without	
acute	myocardial	infarction.	Lab	Med	37:546–550.	
Lyons	A,	King	DJ,	Owens	RJ,	Yarranton	GT,	Millican	A,	Whittle	NR	and	Adair	JR.	(1990)	Site‐specific	




Marks	 V.	 (2002)	 False‐positive	 immunoassay	 results:	 A	 multicenter	 survey	 of	 erroneous	










Matsuya	 T,	 Tashiro	 S,	 Hoshino	N,	 Shibata	N,	 Nagasaki	 Y	 and	Kataoka	K.	 (2003)	 A	 core‐shell‐type	
fluorescent	 nanosphere	 possessing	 reactive	 poly(ethylene	 glycol)	 tethered	 chains	 on	 the	
surface	 for	zeptomole	detection	of	protein	 in	 time‐resolved	 fluorometric	 immunoassay.	Anal	
Chem	75:6124–6132.	




prostate	 cancer	 associated	 antigens	 can	 be	 detected	 in	 the	 serum	 of	 patients	with	 prostate	
cancer.	J	Urol	164:1825–1829.	










Moseley	 KR,	 Knapp	 RC	 and	 Haisma	 HJ.	 (1988)	 An	 assay	 for	 the	 detection	 of	 human	 anti‐murine	
immunoglobulins	in	the	presence	of	CA125	antigen.	J	Immunol	Methods	106:1–6.	
Mössner	 E,	 Lenz	 H	 and	 Bienhaus	 G.	 (1990)	 Elimination	 of	 heterophilic	 antibody	 interference	 in	
monoclonal	sandwich	tests	[abstract].	Clin	Chem	36:1093.	
Mueller	C.	(2014)	Biomarkers	and	acute	coronary	syndromes:	An	update.	Eur	Heart	J	35:552‐556.	
Mukkala	 VM,	 Mikola	 H	 and	 Hemmilä	 I.	 (1989)	 The	 synthesis	 and	 use	 of	 activated	 N‐benzyl	
derivatives	 of	 diethylenetriaminetetraacetic	 acids:	 Alternative	 reagents	 for	 labeling	 of	
antibodies	with	metal	ions.	Anal	Biochem	176:319–325.	
Müller	 W,	 Mierau	 R	 and	 Wohltmann	 D.	 (1985)	 Interference	 of	 IgM	 rheumatoid	 factor	 with	
nephelometric	C‐reactive	protein	determinations.	J	Immunol	Methods	80:77–90.	
Nichols	 JH.	 (2013)	 Point‐of‐care	 testing.	 In:	 Wild	 D.	 (edited),	 The	 Immunoassay	 Handbook,	 4th	
edition	455–463.	Elsevier	Science,	The	Netherlands.	
Nicholson	S,	Fox	M,	Epenetos	A	and	Rustin	G.	(1996)	Immunoglobulin	inhibiting	reagent:	Evaluation	
of	 a	 new	method	 for	 eliminating	 spurious	 elevations	 in	 CA125	 caused	 by	 HAMA.	 Int	 J	Biol	
Markers	11:46–49.	




Nissim	 A,	 Hoogenboom	 HR,	 Tomlinson	 IM,	 Flynn	 G,	 Midgley	 C,	 Lane	 D	 and	 Winter	 G.	 (1994)	
Antibody	 fragments	 from	 a	 'single	 pot'	 phage	 display	 library	 as	 immunochemical	 reagents.	
EMBO	J	13:692–698.	
Ohmura	N,	Tsukidate	Y,	Shinozaki	H,	Lackie	SJ	and	Saiki	H.	 (2003)	Combinational	use	of	antibody	




Ortega‐Vinuesa	 JL	 and	 Hidalgo‐Alvarez	 R.	 (1995)	 Sequential	 adsorption	 of	 F(ab')(2)	 and	 BSA	 on	
negatively	and	positively	charged	polystyrene	latexes.	Biotechnol	Bioeng	47:633–639.	
Owen	WE,	Rawlins	ML	and	Roberts	WL.	 (2010)	Selected	performance	characteristics	of	 the	roche	
elecsys	 testosterone	 II	 assay	 on	 the	 modular	 analytics	 E	 170	 analyzer.	 Clin	 Chim	 Acta	
411:1073–1079.	








Papapetrou	 PD,	 Polymeris	 A,	 Karga	 H	 and	 Vaiopoulos	 G.	 (2006)	 Heterophilic	 antibodies	 causing	
falsely	high	serum	calcitonin	values.	J	Endocrinol	Invest	29:919–923.	
Peluso	 P,	Wilson	DS,	 Do	D,	 Tran	H:,M.,	 Quincy	D,	 Heidecker	 B,	 Poindexter	 K,	 Tolani	 N,	 Phelan	M,	
Witte	K,	et	al.	 (2003)	Optimizing	 antibody	 immobilization	 strategies	 for	 the	 construction	 of	
protein	microarrays.	Anal	Chem	312:113–124.	
Pernet	P,	Beneteau‐Burnat	B,	Hermand	C	and	Vaubourdolle	M.	 (2008)	Point‐of‐care	 testing:	False	










Primus	 FJ,	 Kelley	 EA,	 Hansen	 HJ	 and	 Goldenberg	 DM.	 (1988)	 "Sandwich"‐type	 immunoassay	 of	
carcinoembryonic	 antigen	 in	 patients	 receiving	murine	monoclonal	 antibodies	 for	 diagnosis	
and	therapy.	Clin	Chem	34:261–264.	




Potocki	 M,	 et	 al.	 (2009)	 Early	 diagnosis	 of	 myocardial	 infarction	 with	 sensitive	 cardiac	
troponin	assays.	N	Engl	J	Med	361:858–867.	
Reinsberg	 J.	 (1995)	 Interference	 by	 human	 antibodies	 with	 tumor	 marker	 assays.	 Hybridoma	
2014:205–208.		
Reinsberg	 J.	 (1996)	 Different	 efficacy	 of	 various	 blocking	 reagents	 to	 eliminate	 interferences	 by	
human	antimouse	antibodies	with	a	two‐site	immunoassay.	Clin	Biochem	29:145–148.	
Reinsberg	 J.	 (1998)	 Interferences	 with	 two‐site	 immunoassays	 by	 human	 anti‐mouse	 antibodies	
formed	 by	 patients	 treated	 with	 monoclonal	 antibodies:	 Comparison	 of	 different	 blocking	
reagents.	Clin	Chem	44:1742–1744.	







Ricchiuti	 V,	 Voss	 EM,	 Ney	 A,	 Odland	 M,	 Anderson	 PA	 and	 Apple	 FS.	 (1998)	 Cardiac	 troponin	 T	
isoforms	expressed	 in	 renal	diseased	 skeletal	muscle	will	not	 cause	 false‐positive	 results	by	
the	second	generation	cardiac	troponin	T	assay	by	boehringer	mannheim.	Clin	Chem	44:1919–
1924.	
Richman	 CM,	 DeNardo	 SJ,	 O'Grady	 LF	 and	 DeNardo	 GL.	 (1995)	 Radioimmunotherapy	 for	 breast	
cancer	 using	 escalating	 fractionated	 doses	 of	 131I‐labeled	 chimeric	 L6	 antibody	 with	
peripheral	blood	progenitor	cell	transfusions.	Cancer	Res	55:5916s–5920s.	
Ritter	 G,	 Cohen	 LS,	 Williams	 C,Jr,	 Richards	 EC,	 Old	 LJ	 and	Welt	 S.	 (2001)	 Serological	 analysis	 of	
human	anti‐human	antibody	responses	in	colon	cancer	patients	treated	with	repeated	doses	of	
humanized	monoclonal	antibody	A33.	Cancer	Res	61:6851–6859.	
Robier	 C,	 Edler	 D	 and	 Neubar	 M.	 (2014)	 False‐positive	 D‐dimer	 result	 in	 a	 latex‐enhanced	




Interference	 from	 heterophilic	 antibodies	 in	 seven	 current	 TSH	 assays.	 Ann	 Clin	 Biochem	
45:616.	
Rotmensch	 S	 and	 Cole	 LA.	 (2000)	 False	 diagnosis	 and	 needless	 therapy	 of	 presumed	 malignant	
disease	 in	women	with	 false‐positive	 human	 chorionic	 gonadotropin	 concentrations.	Lancet	
355:712–715.	
Safdari	 Y,	 Farajnia	 S,	 Asgharzadeh	 M	 and	 Khalili	 M.	 (2013)	 Antibody	 humanization	 methods	 ‐	 a	
review	and	update.	Biotechnol	Genet	Eng	Rev	29:175–189.	
Sampson	M,	Ruddel	M,	 Zweig	M	and	Elin	RJ.	 (1994)	Falsely	high	 concentration	of	 serum	 lutropin	
measured	with	the	abbott	IMx.	Clin	Chem	40:1976–1977.	
Sandborn	WJ,	 Feagan	BG,	Hanauer	 SB,	 Present	DH,	 Sutherland	 LR,	 Kamm	MA,	Wolf	DC,	 Baker	 JP,	
Hawkey	C,	Archambault	A,	et	al.	(2001)	An	engineered	human	antibody	to	TNF	(CDP571)	for	





Savukoski	 T,	 Twarda	A,	 Hellberg	 S,	 Ristiniemi	N,	Wittfooth	 S,	 Sinisalo	 J	 and	 Pettersson	K.	 (2013)	
Epitope	 specificity	 and	 IgG	 subclass	 distribution	 of	 autoantibodies	 to	 cardiac	 troponin.	Clin	
Chem	59:512–518.	
	Savukoski	 T,	 Ilva	 T,	 Lund	 J,	 Porela	 P,	 Ristiniemi	 N,	 Wittfooth	 S	 and	 Pettersson	 K.	 (2014)	








thermodynamic	analyses	of	 the	 fv,	 fab*	and	 fab	 fragments	of	 anti‐dansyl	mouse	monoclonal	
antibody.	FEBS	Lett	360:247–250.	
Shirahama	 H	 and	 Suzawa	 T.	 (1984)	 Surface	 characterization	 of	 soap‐free	 carboxylated	 polymer	
latices.	Polymer	Journal	16:795–803.	
Shmilovich	 H,	 Danon	 A,	 Binah	 O,	 Roth	 A,	 Chen	 G,	 Wexler	 D,	 Keren	 G	 and	 George	 J.	 (2007)	





Simpson	 AJ,	 Potter	 JM,	 Koerbin	 G,	 Oakman	 C,	 Cullen	 L,	 Wilkes	 GJ,	 Scanlan	 SL,	 Parsonage	W	 and	
Hickman	PE.	(2014)	Use	of	observed	within‐person	variation	of	cardiac	troponin	in	emergency	
department	 patients	 for	 determination	 of	 biological	 variation	 and	 percentage	 and	 absolute	
reference	change	values.	Clin	Chem	60:848–854.	




Sosolik	 RC,	 Hitchcock	 CL	 and	 Becker	 WJ.	 (1997)	 Heterophilic	 antibodies	 produce	 spuriously	
elevated	 concentrations	 of	 the	 MB	 isoenzyme	 of	 creatine	 kinase	 in	 a	 selected	 patient	
population.	Am	J	Clin	Pathol	107:506–510.	
Soukka	 T,	 Härmä	 H,	 Paukkunen	 J	 and	 Lövgren	 T.	 (2001a)	 Utilization	 of	 kinetically	 enhanced	
monovalent	 binding	 affinity	 by	 immunoassays	 based	 on	 multivalent	 nanoparticle‐antibody	
bioconjugates.	Anal	Chem	73:2254–2260.	
Soukka	T,	Paukkunen	 J,	Härmä	H,	Lönnberg	S,	Lindroos	H	and	Lövgren	T.	 (2001b)	Supersensitive	
time‐resolved	 immunofluorometric	 assay	 of	 free	 prostate‐specific	 antigen	with	 nanoparticle	
label	technology.	Clin	Chem	47:1269–1278.	
Soukka	 T,	 Antonen	 K,	 Härmä	 H,	 Pelkkikangas	 AM,	 Huhtinen	 P	 and	 Lövgren	 T.	 (2003)	 Highly	
sensitive	 immunoassay	 of	 free	 prostate‐specific	 antigen	 in	 serum	 using	 europium(III)	
nanoparticle	label	technology.	Clin	Chim	Acta	328:45–58.	
St	 John	 A	 and	 Price	 CP.	 (2013)	 Economic	 evidence	 and	 point‐of‐care	 testing.	 Clin	 Biochem	 Rev	
34:61–74.	
Staros	 JV,	 Wright	 RW	 and	 Swingle	 DM.	 (1986)	 Enhancement	 by	 N‐hydroxysulfosuccinimide	 of	
water‐soluble	carbodiimide‐mediated	coupling	reactions.	Anal	Biochem	156:220–222.	
Steimer	 W.	 (1999)	 Performance	 and	 specificity	 of	 monoclonal	 immunoassays	 for	 cyclosporine	
monitoring:	How	specific	is	specific?	Clin	Chem	45:371–381.	
Storrow	 AB,	 Apple	 FS,	 Wu	 AHB,	 Jesse	 RL,	 Francis	 GS,	 Christenson	 RH,	 Cannon	 C,P,	 Morrow	 DA,	
Newby	 LK,	 Ravkilde	 J,	 et	 al.	 (2007)	 National	 academy	 of	 clinical	 biochemistry	 laboratory	
medicine	 practice	 guidelines:	 Point	 of	 care	 testing,	 oversight,	 and	 administration	 of	 cardiac	
biomarkers	for	acute	coronary	syndromes.	Point	Care	J	6:215–222.	
Storrow	 AB,	 Zhou	 C,	 Gaddis	 G,	 Han	 JH,	 Miller	 K,	 Klubert	 D,	 Laidig	 A	 and	 Aronsky	 D.	 (2008)	
Decreasing	 lab	 turnaround	time	 improves	emergency	department	throughput	and	decreases	
emergency	medical	services	diversion:	A	simulation	model.	Acad	Emerg	Med	15:1130–1135.	
Sturgeon	 CM	 and	 McAllister	 EJ.	 (1998)	 Analysis	 of	 hCG:	 Clinical	 applications	 and	 assay	
requirements.	Ann	Clin	Biochem	35	(	Pt	4):460–491.	
Sturgeon	CM	and	Viljoen	A.	 (2011)	Analytical	error	and	 interference	 in	 immunoassay:	Minimizing	
risk.	Ann	Clin	Biochem	48:418–432.	






Thompson	 RJ,	 Jackson	 AP	 and	 Langlois	 N.	 (1986)	 Circulating	 antibodies	 to	 mouse	 monoclonal	
immunoglobulins	 in	normal	 subjects‐‐incidence,	 species	specificity,	 and	effects	on	a	 two‐site	
assay	for	creatine	kinase‐MB	isoenzyme.	Clin	Chem	32:476–481.	









antibodies	 in	 CA	 125	 assay	 after	 immunoscintigraphy:	 Anti‐idiotypic	 antibodies	 not	
neutralized	by	mouse	IgG	but	removed	by	chromatography.	Clin	Chem	36:1333–1338.	




immunoassay	 for	 creatine	 kinase	MB	by	 using	 F(ab')2	 conjugate	 and	 polyclonal	mouse	 IgG.	
Clin	Chem	38:1737–1742.	
Väisänen	 V,	 Peltola	 MT,	 Lilja	 H,	 Nurmi	 M	 and	 Pettersson	 K.	 (2006)	 Intact	 free	 prostate‐specific	
antigen	and	free	and	total	human	glandular	kallikrein	2.	elimination	of	assay	interference	by	
enzymatic	digestion	of	antibodies	to	F(ab')2	fragments.	Anal	Chem	78:7809–7815.	
Valanne	 A,	 Huopalahti	 S,	 Soukka	 T,	 Vainionpää	 R,	 Lövgren	 T	 and	 Härmä	 H.	 (2005)	 A	 sensitive	









Venge	 P,	 Johnston	 N,	 Lindahl	 B	 and	 James	 S.	 (2009)	 Normal	 plasma	 levels	 of	 cardiac	 troponin	 I	
measured	by	the	high‐sensitivity	cardiac	troponin	I	access	prototype	assay	and	the	impact	on	
the	diagnosis	of	myocardial	ischemia.	J	Am	Coll	Cardiol	54:1165–1172.	




Vylegzhanina	 AV,	 Katrukha	 IA,	 Kogan	 AE	 and	 Bereznikova	 AV.	 (2013)	 Epitope	 specificity	 of	 anti‐
cardiac	troponin	I	monoclonal	antibody	8I‐7.	Clin	Chem	59:1814–1816.	
Wakayama	 J,	 Sekiguchi	 H,	 Akanuma	 S,	 Ohtani	 T	 and	 Sugiyama	 S.	 (2008)	 Methods	 for	 reducing	
nonspecific	 interaction	 in	antibody‐antigen	assay	via	atomic	 force	microscopy.	Anal	Biochem	
380:51–58.	









chain	 antibody	 as	 capture	 reagent	 in	 an	 immunometric	 assay	 to	 decrease	 the	 incidence	 of	
interference	from	heterophilic	antibodies.	Clin	Chem	51:830–838.	
Waser	 G,	 Kathriner	 S	 and	 Wuillemin	 WA.	 (2005)	 Performance	 of	 the	 automated	 and	 rapid	 STA	
liatest	D‐dimer	on	the	STA‐R	analyzer.	Thromb	Res	116:165‐170.	






Wilson	DS,	Wu	J,	Peluso	P	and	Nock	S.	 (2002)	 Improved	method	 for	pepsinolysis	of	mouse	 IgG(1)	
molecules	to	F(ab')(2)	fragments.	J	Immunol	Methods	260:29–36.	
Wolfe	 F,	 Cathey	MA	and	Roberts	 FK.	 (1991)	The	 latex	 test	 revisited.	 rheumatoid	 factor	 testing	 in	
8,287	rheumatic	disease	patients.	Arthritis	Rheum	34:951–960.	
Wu	AH,	 Apple	 FS,	 Gibler	WB,	 Jesse	RL,	Warshaw	MM	and	Valdes	RJ.	 (1999)	National	 academy	of	










Yalow	 RS	 and	 Berson	 SA.	 (1959)	 Assay	 of	 plasma	 insulin	 in	 human	 subjects	 by	 immunological	
methods.	Nature	184	(Suppl	21):1648–1649.	
Yeo	KT,	Storm	CA,	Li	Y,	Jayne	JE,	Brough	T,	Quinn‐Hall	KS	and	Fitzmaurice	TF.	(2000)	Performance	
of	 the	 enhanced	 abbott	 AxSYM	 cardiac	 troponin	 I	 reagent	 in	 patients	 with	 heterophilic	
antibodies.	Clin	Chim	Acta	292:13–23.	
Ylikotila	 J,	 Hellström	 JL,	 Eriksson	 S,	 Vehniäinen	 M,	 Välimaa	 L,	 Takalo	 H,	 Bereznikova	 A	 and	





enzyme‐linked	 immunosorbent	 assay	 for	 detecting	 bacillus	 thuringiensis	 (bt)	 Cry1Ab	 toxin	
based	 single‐chain	 variable	 fragments	 from	 a	 naïve	mouse	 phage	 displayed	 library.	Toxicon	
81:13–22.	






Zisman	 A,	 Zisman	 E,	 Lindner	 A,	 Velikanov	 S,	 Siegel	 YI	 and	 Mozes	 E.	 (1995)	 Autoantibodies	 to	
prostate	specific	antigen	in	patients	with	benign	prostatic	hyperplasia.	J	Urol	154:1052–1055.	
		
	
	
	
	 	
